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PREFACE

Preface

As you progress through this workbook, you will become familiar with the core topics of the SACE Stage 1
Chemistry course. The workbook follows the SACE Subject Outline for this new Australian Curriculum subject.
We chose to present these topics in this order, though you may encounter them in a different sequence with your
teacher. Whichever way you read it, this workbook covers the entire year’'s material.

You can use this book in class, or at home to supplement your studies.

Not only does this workbook present key theoretical knowledge, but it also introduces examples that show
science as a human endeavour. Questions and exam-style topic tests will familiarise you with how chemists work,
and how the subject of chemistry is assessed.

Each author of this book is also a teacher, so we know what it’s like to be in the classroom. We know that students
prefer worked solutions, so you can learn the steps from the answers. The worked solutions for each question can
be found in the final section of the book, organised by chapter sequence. We have also allocated marks to each
question, and mapped them against the SACE Performance Standards. This combined approach means you will
learn how to answer questions, and how those questions may be marked.

All students and teachers should refer to the SACE website — www.sace.sa.edu.au — for the most up-to-date
version of the Subject Outline and Performance Standards.

We trust that you will find this book a useful and engaging introduction to senior chemistry.
All the best for your SACE Stage 1 studies.

Kate Morgante
Luke Starczak
Stephen Tulip
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Topic 1: Materials and their atoms

1.1 Properties and uses of materials
Science understanding

The uses of materials are related to their properties, including solubility, thermal and electrical conductivities,
melting point, and boiling point.

© Copyright SACE 2022
Chemistry is, fundamentally, the study of matter and its properties. Matter has mass and takes up space (e.g.,
a stone, air, your eyeball, the Earth). Matter is distinct from energy, which does not have mass or take up space
(e.g., light, sound, motion). All matter is composed of particles: small ‘units’ of a material that cannot be broken
apart any further without changing the identity of the substance. Most materials on Earth are made up of atoms,
ions, molecules, or a mixture of these three.

Materials are classified according to their properties, which are characteristics that define the substance. The
properties of a material relate directly to the nature and arrangement of the particles comprising the material.
Properties of materials can be classified as either physical properties or chemical properties.

Physical Properties

Physical properties are traits of a material that can be observed directly without any chemical reaction occurring,
e.g., colour, length, density, melting point. Physical properties can be either extensive or intensive.

Extensive physical properties change in proportion with the amount of the material. For example, mass is an
extensive physical property because if the amount of material is doubled, its mass will also double. Other extensive
physical properties include volume and number of particles.

Intensive physical properties do not change when the amount of the material changes. Density is one example
of an intensive physical property: the density of water is approximately 1 g/mL, and if the amount of water is
doubled the density remains 1 g/mL (i.e., it does not become 2 g/mL). Other intensive physical properties include
colour, lustre, temperature, malleability, ductility, viscosity, and solubility. Because intensive physical properties do
not depend on the amount of substance, they are useful for identifying materials and separating mixtures.

Solubility

When a material dissolves in a liquid to create a homogenous mixture, the dissolved material is called the solute,
the liquid is called the solvent, and the mixture is called a solution. Solubility measures the amount of a material
that can be dissolved in a given liquid at a given temperature. For example, at 25 °C, about 200 g of sugar can be
dissolved in 100 mL of water (equivalent to 1 decilitre), so the solubility of sugar is 200 g/dL at 25 °C.
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Figure 1.01: Sugar dissolving in water
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STAGE 1 CHEMISTRY TOPIC 1: MATERIALS AND THEIR ATOMS

For building or manufacturing, it is usually undesirable to use solid materials that have any significant solubility
in water. Containers or packaging that will come into contact with food or beverages should ideally be totally
insoluble so that the material does not contaminate the product.

Thermal Conductivity

The particles in substances are constantly in motion, and this motion of particles is experienced as heat. The
amount of heat energy a material contains is an extensive physical property corresponding to the total kinetic
energy of the particles in the material. Temperature represents the average kinetic energy and is an intensive
physical property.

Thermal conductivity is a measure of the ability of a material to transmit heat through conduction. Conduction
occurs when particles, in their normal course of motion due to their heat energy, collide with other particles and
transfer some of that kinetic energy; this is analogous to a billiard ball striking another billiard ball and transferring
some momentum. Materials with high thermal conductivity transfer heat rapidly and are called thermal
conductors, while materials with low thermal conductivity transfer heat more slowly. Materials with very low
thermal conductivity are called thermal insulators. Many applications require either maximised or minimised heat
transfer, also called thermal exchange.

In general, metals are excellent thermal conductors, while other materials are less so.

.Example

Hot beverages are generally not served in glasses because glass has a relatively high thermal conductivity. This
allows heat to be rapidly transferred from the beverage through the glass to your hand, which might cause a burn.
However, a thermos prevents thermal exchange by using materials with low thermal conductivity (e.g., plastic) and
by separating the beverage from the exterior of the thermos with a vacuum chamber. A pure vacuum contains no
matter, so it does not conduct heat at all.

| | Plastic stopper

Double-walled
glass container

N Hot liquid

Vacuum

/ Silvered surfaces

Figure 1.02: Diagram of a thermos
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& Science as a human endeavour
Window Insulation

Many Australian homes were built during a time when
electricity was inexpensive and the danger posed by climate
change was underappreciated. Little thought was given
to thermal insulation, and many household windows are
constructed of a single pane of glass in an aluminium frame.

A rising interest in home energy efficiency led by the
environmentally and economically conscious has caused a
surge in double-glazed window retrofitting. Double-glazed
windows use two panes of glass with an air gap to reduce
thermal exchange by 60-80%, keeping the heat in during
winter, and out during summer.

Figure 1.03: Cut-away diagram of
double-glazed windowpane

Electrical Conductivity

The particles in a material may be neutral or may carry an electric charge. The motion of electric charge is called
current electricity (or just ‘electricity’), and the ability of a material to carry electricity through the movement of
its charged particles is called electrical conductivity.

Some materials contain charged particles that are free to move with little resistance; these are good electrical
conductors. Metals (e.g., copper) are good conductors because they have delocalised electrons which are free to
move. As shown in Figure 1.04, dissolved ions (e.g., sodium chloride dissolved in seawater) will also move toward
electrodes with opposite charges. The motion of these ions represents a flow of electricity, making solutions of
ionic substances good conductors. Pure water contains no free charges and does not conduct electricity.

Water + Salt

Water and Salt in Solution

Figure 1.04: lonic substances dissolved in water can carry electricity

For applications involving transmitting electricity, such as electrical wiring, high conductivity is desirable.

Other substances can carry electricity, but the charged particles encounter more resistance as they do so, and
this causes the material to heat up as electricity is transmitted. These are called ‘high-resistance conductors’,
and usually consist of metal alloys that have been specifically designed with high resistance and high melting
points in order to reliably produce heat when operated (e.g., the heating element in an electric oven). One common
example is nichrome, an alloy of nickel and chrome.

© Essentials Education 3



STAGE 1 CHEMISTRY TOPIC 1: MATERIALS AND THEIR ATOMS

Many materials cannot conduct electricity at all, either because they contain charged particles that are not free to
move or no charged particles at all; these are electrical insulators. Examples include gases (nitrogen, oxygen,
etc) and most non-metallic solids (glass, rubber, plastic, dry wood, etc.). Electrical insulators are used to control
and limit electrical current. For example, electrical wiring is coated with plastic to prevent electricity from being
conducted into objects the wire is touching.

Changes of State

Changes of state between solid, liquid, and gas phases are physical changes because they do not change the
chemical identity of the material. When water freezes into ice, no chemical change has occurred: both ice and
water are composed of molecules of water (H,0). The melting point and boiling point of a substance are therefore
intensive physical properties.

Melting Point

Solid materials are composed of particles that are bonded together in a rigid lattice. The position of the particles,
relative to other particles in the same material, doesn’t change over time. However, the particles do vibrate with
heat energy, and this determines the temperature of the solid material. If sufficient thermal energy is transferred
to the material, its temperature becomes high enough that the particles can break out of the lattice and begin to
move relative to one another. The solid becomes a liquid; this process is called melting.

Figure 1.05: The change in behaviour of particles at the melting point

The temperature at which the transition from solid to liquid occurs is called the melting point and is characteristic
of materials at defined pressures. For example, water has a melting point of 0 °C at atmospheric pressure, while
sodium chloride has a melting point of 801 °C. The reverse transition, from liquid to solid, occurs at precisely the
same temperature, so the “freezing point” of a material is always identical to the melting point.

Materials with high melting points are used when an object must withstand extremely high temperatures without
melting. For example, kilns are usually made from brick rather than metal, as most metals have melting points
lower than the temperature necessary for heating clay and other ceramics to set them.

Boiling Point

Liquid materials are composed of particles that are held together less tightly than those in solids. Particles in
liquids can move relative to one another, but the particles remain bound together as a whole. If sufficient thermal
energy is transferred to the material, its temperature becomes high enough that each particle can overcome the
attractive forces and break away from the other particles altogether. The liquid becomes a gas; this process is
called boiling.

Figure 1.06: The change in behaviour of particles at the boiling point

The temperature at which the transition from liquid to gas occurs is called the boiling point and is also characteristic
of materials at defined pressures. For example, water has a boiling point of 100 °C, while ethanol (alcohol) has a
boiling point of 78 °C. The reverse transition, from gas to liquid, occurs at precisely the same temperature, so the
“condensation point” of a material is always identical to the boiling point.
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TOPIC 1

Liquids with high boiling points are used as coolants because this reduces the risk that the liquid will evaporate
into a gas, which could cause an explosion. For example, commercially available coolant mixtures for vehicles
usually have a boiling point above 120 °C, which is safer than using water.

Chemical Properties

A chemical property describes the way a material can undergo chemical changes. Observing a chemical property
always requires a chemical reaction to occur, and the original substance must change its identity in that process.

-Example

Acidity is a chemical property: it is a measure of the ability of a substance to donate a hydrogen cation (H*). Sulfuric
acid (H,S0,) is much more acidic than water (H,0) because the hydrogen atoms in sulfuric acid can more easily
take part in reactions. Sulfuric acid can rapidly dissolve metals because of its high acidity. However, this can only
be observed by allowing the sulfuric acid to react with the metal, and this process consumes and transforms the
sulfuric acid itself.

Chemical properties are the focus of Topics 5 and 6.

-Questions

1. Most substances on Earth exist as either solids, liquids, or gases.

(@ In the three boxes below, draw a representation of the arrangement of particles in each of the three
states of matter.

solid liquid gas

(3 marks) KA1

(b) With reference to the particles comprising the liquid, explain why a liquid has a defined volume but not
a defined shape.

© Essentials Education 5



STAGE 1 CHEMISTRY TOPIC 1: MATERIALS AND THEIR ATOMS

2. For each of the following items, identify the property or properties of the material that make it suited to that use.

Material Use Property/Properties
o high thermal conduction
aluminium cookware . ) )
high melting point

plastic cookware handles

wool gloves

copper wiring
nichrome heating elements

Kevlar bulletproof vests

gelatin medicated gel capsules

(6 marks) KA1

3. Fibreglass insulation used in walls and roof spaces consists of extremely fine glass fibres with pockets of air
trapped between them.

Figure 1.07: Fibreglass insulation

(@) Glass is a moderately good thermal conductor. Describe the process of thermal conduction.

(2 marks) KA1

(b) Gases are very poor thermal conductors. Explain how the arrangement of particles in a gas reduces the
rate of thermal exchange.

(2 marks) KA1

6 © Essentials Education
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(c) Explain how fibreglass can be an excellent thermal insulator despite being made from glass.

Nanomaterials are substances that contain particles in the size range 1-100 nm.

e Suggest uses of materials, including nanomaterials, given their properties and vice versa.

© Copyright SACE 2022
Solubility, conductivity, and melting and boiling points are examples of bulk properties, which are properties
caused by many particles acting together (e.g., although copper is an excellent electrical conductor, one copper
atom alone cannot conduct electricity).

“Nano” is the Sl prefix meaning “one billionth”, so a nanometre is one billionth the length of a metre. The full stop
at the end of this sentence is approximately 1 000 000 nanometres wide. Many materials display quite different
properties when divided into grains or pieces smaller than 100 nanometres.

A sugar molecule is approximately one nanometre in width, and even some atoms have a radius of more than
one quarter of a nanometre. At the scale of nanomaterials, atoms and molecules are large enough that materials
cannot be treated as continuous substances. The number and arrangement of the individual atoms or molecules
becomes relevant.

Potassium atom 1 nanometre

Figure 1.08: Scale of a single potassium atom

A defining feature of nanomaterials is their enormous surface area to volume ratio; greater surface area allows for
more efficient catalysis of chemical reactions.

& s P
. . ’ i .
Traditional particles Nanoparticies
Total surface area: Total surface area:
60 cm b 60,000,000 cm
2 (all 1 mm cube) 2 (all 1 nm cube)
e, () \
‘-‘ -
B g

Figure 1.09: Comparison of the surface area to volume ratio of traditional materials and nanoparticles
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TOPIC 1: MATERIALS AND THEIR ATOMS
& Science as a human endeavour

Contemporary Nanotechnology Applications
Applications of nanoscale materials are many and varied.

In consumer electronics, many modern screens use Organic Light-Emitting Diode (OLED) technology,
which is made from nanostructured polymer films. Unlike earlier technologies, which used colour pixels in
front of a backlight, each pixel in an OLED screen emits red, green, or blue light independently. This allows
for much deeper blacks: when a pixel is off, it emits no light.

In the environmental sphere, nanoscale filters are being developed which can absorb and remove large
amounts of pollutants from drinking water. This reduces the amount of money and material required at
large-scale water treatment plants. Large ‘sponges’ which can absorb many times their own weight in oil
can also be used to aid clean-up efforts after major oil spills.

Some nanoparticles have useful medical properties. Silver nanoparticles can kill bacteria without harming
larger organisms and have been included in some bandages. Iron oxide nanoparticles have been found to
bind very well to cancer cells, which allows tiny cancerous tumours to be seen on MRI scans much more
easily.

Nanomaterial science is still in its infancy, and it is usually difficult or impossible to predict the properties of
a nanomaterial based on its structure. Scientists in many fields are working on measuring the properties of
different nanomaterials to find useful applications.

-Example

In its bulk state, gold is a yellow, non-reactive metal. However, nanoparticles of gold can be wildly different colours
depending on their specific size, including red, green, and purple. Gold nanoparticles can also be used as a
catalyst, and this too depends on specific size: a nanocluster made of 28 gold atoms might catalyse one reaction,
while a nanocluster made of 38 gold atoms might catalyse a different reaction.

Figure 1.10: Au,, cluster and Au,, cluster

A& Science as a human endeavour

Virus Nanoparticles

A single virus particle is usually between 20-200
nanometres in size. Viruses straddle the border
between living and non-living: although they are able
to reproduce very effectively in the right conditions,
they fulfill very few of the other characteristics of
life. Some scientists argue that viruses should be
definitively classified as non-living, which would
make them natural nanomaterials—the most
dangerous group of nanomaterials ever discovered!

Synthetic lipid nanoparticles were critical in the
development of the mRNA vaccines which received
widespread attention during the COVID-19
pandemic. The nanoparticles are used as an y
‘envelope’ for the delivery of mMRNA molecules into SARS-Cov-2: -120 nm

cells. In the absence of these envelopes, the highly

unstable mRNA would break down too quickly for  Figure 1.11: The virus that causes COVID-19 has a
it to be effective at initiating an immune response. diameter of approximately 120 nm

8 © Essentials Education
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-Questions

4. Most commercially available sunscreens include tiny grains of titanium dioxide with diameters in the range
6-108 nm. Titanium dioxide is called a “physical blocker” because it prevents UV radiation from reaching the
skin by reflecting and scattering it.

(@ Explain why the titanium dioxide is considered to be a nanomaterial.

(1 mark) KA1
(b) Identify the property of titanium dioxide nanoparticles that makes them useful in sunscreens.

(1 mark) KA1

5.  The airline industry would like to consume less jet fuel to save on costs and reduce its emissions of carbon
dioxide. It has been discovered that incorporating cobalt nanoparticles into the aluminium used to make
aeroplanes can increase its strength by up to 100 times.

(@) Describe the range of possible size of a cobalt nanoparticle.
(1 mark) KA1

(b) Explain how increasing the strength of the aluminium used to make the aeroplane fuselage could lead to
lower jet fuel consumption in the long-term.

(2 marks) KA2

6. Carbon nanotubes have excellent electrical conductivity and are extremely thin and long. They have been
incorporated into some solar panels to increase the efficiency of electricity generation.

(@ Provide a definition of the term ‘nanotechnology’.

Differences in the properties of substances in a mixture can be used to separate them.

e I|dentify how the components of a mixture can be separated by methods including filtration, distillation, and
evaporation.
© Copyright SACE 2022

All materials are classified as either pure substances or mixtures.

Pure substances are composed of one type of particle. Elements are pure substances that contain only one
type of atom (e.g., helium, iron, nitrogen), while compounds are pure substances containing different types of
atoms that are chemically bonded in fixed ratios (e.g., water, methane, sodium chloride).

Substances that are not pure are called mixtures. Mixtures contain more than one element or compound that
have been physically combined, but which have not reacted chemically with one another. Mixtures are classified
as either homogenous or heterogeneous.

Homogenous mixtures are thoroughly mixed. From the Greek, homo means ‘same’, and each part of a
homogenous mixture is similar in composition and properties to every other part of the mixture, even at the scale
of atoms and molecules. Examples of homogenous mixtures include saltwater, alloys, and air.

© Essentials Education 9



STAGE 1 CHEMISTRY TOPIC 1: MATERIALS AND THEIR ATOMS

Heterogeneous mixtures are incompletely mixed. Also from the Greek, hetero means ‘different’, and different
parts of a heterogeneous mixture are distinguishable from each other in composition and character. Examples of
heterogeneous mixtures include soil, salad dressing, and crude oil. Some biological mixtures can appear to be
homogenous at the macro scale but are actually heterogeneous at the scale of atoms and molecules.

.Example

Blood seems uniform to the naked eye, but the presence of different cells means that not all parts of the mixture
are identical: red blood cells contain different elements to white blood cells. Because the components are not
thoroughly mixed at the molecular level, the mixture is heterogeneous.

Composition of Blood

; {

\‘ \/

Plasma (55%)

White Blood Cells
& Platelets (4%)

Red Blood Cells (41%)

Figure 1.12: Cellular composition of blood

Mixtures, both homogenous and heterogeneous, can be separated by exploiting differences in their component
substances.

Filtration

Filtration is used to separate heterogeneous mixtures that contain solid particles in a liquid medium. The mixture is
passed through a filter, which has tiny openings that are large enough to allow liquid molecules to pass through
while preventing the passage of the larger solid grains. Both the solid and the liquid components can be isolated
and retained.

Filter paper

Solid
Filter funnel

Solid and liquid
(mixture)

Liquid

Figure 1.13: Laboratory setup for simple filtration

10 © Essentials Education
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Evaporation

Evaporation exploits differences in boiling points to separate a liquid solvent from one or more solutes. The mixture
is heated near to or above the boiling point of the solvent and the solvent evaporates. The solute, which has a
much higher boiling point, remains in the evaporating dish. The solute(s) are retained but the solvent is lost.

Evaporated solvent
) I Y
((r (s /D)) l((/

D

D G

Evaporating dish

Retained

Solution
solute

Heat

) i
Figure 1.14: Laboratory setup for simple evaporation

Simple Distillation

Simple distillation is used to separate a liquid with a low-boiling point from other substances. Heat is transferred
to the mixture and the component with the lowest boiling point vaporises. The vapour enters a condenser where
it cools into a liquid and is collected; this is called the distillate. The low-boiling point liquid is isolated, and the
other components of the mixture are retained.

Condenser

*- - .

Water vapour

Salt water

s —
:
L

Figure 1.15: Laboratory setup for simple distillation

Pure water —

& Science as a human endeavour

Cannabidiol QOil

Cannabidiol (CBD), a compound found in
the hemp plant, is used to treat epilepsy. It
can be extracted from the plant using steam
distillation. Water is heated to generate
steam, which is passed through the plant
matter to vaporise cannabidiol (and some
other cannabinoids). The extracts are carried
with the steam into a condenser where they
reform into liquids and are collected in a
flask.

A similar process can be used to extract
essential oils from many plants.

Figure 1.16: Steam distillation apparatus

© Essentials Education 11



STAGE 1 CHEMISTRY TOPIC 1: MATERIALS AND THEIR ATOMS

Fractional Distillation

Fractional distillation allows liquids with similar boiling points to be separated. The technique is similar to simple
distillation, but the apparatus includes a fractionating column with increased internal surface area for the

condensation of vapours.

Figure 1.17: Fractionating columns contain beads, rings, or warped surfaces for greater surface area

The use of a fractionating column allows for much greater control over the process as the distillate flows into
the condenser. The receiving flask can be swapped so as to collect different substances in different flasks. This

technique is used to separate the components of crude oil.

o Condenser
Fractioning column

Figure 1.18: Laboratory setup for fractional distillation

12 © Essentials Education



.Questions

7.

8.

Classify each of the following as a pure substance or mixture. For each substance, classify it as either an
element or compound. For each mixture, classify it as either homogeneous or heterogeneous.

TOPIC 1

Substances

Mixtures

Element Compound

Homogenous

Heterogeneous

a lead weight

v

clear apple juice

baking soda
(NaHCO,)

air

helium

beach sand

concrete

carbon dioxide

milk

sugar (C,.H,.0,))

127 22711

ice cream sundae

(10 marks) KA1

Figure 1.19 shows a mixture containing potassium nitrate dissolved in water and a suspension of lead iodide,

the yellow solid.

Figure 1.19: A mixture of aqueous potassium nitrate, liquid water, and solid lead iodide

© Essentials Education
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STAGE 1 CHEMISTRY TOPIC 1: MATERIALS AND THEIR ATOMS

(@)

State and explain whether the mixture is homogenous or heterogeneous.

................................................. (8 marks) KA1

The boiling points of water and potassium iodide are 100 °C and 1330 °C respectively. Describe and
explain how evaporation can be used to separate the two materials.

(2 marks) KA1
Name one other method that could be used to separate the water from the potassium iodide.
(1 mark) KA1

9. Methanol (wood alcohol) is a poisonous by-product of the fermentation process that produces ethanol
(drinking alcohol). When spirits such as vodka are distilled, the first part of the distillate can contain a significant
proportion of methanol and is therefore discarded. Some properties of methanol and ethanol are shown

below.
Property Methanol Ethanol
Flammability Very flammable Very flammable
Density 0.792 g/cm? 0.789 g/cm?

Electrical Conductivity

Not conductive

Not conductive

Boiling Point

65 °C

78 °C

Appearance

Clear colourless liquid

Clear colourless liquid

(@) Identify the property that is used to separate methanol and ethanol during distillation.

(2 marks) KA1

(c) After discarding methanol, the ethanol distillate that is obtained is a pure substance. Provide a definition

of a pure substance.

14
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1.2 Atomic structure
Science understanding

All materials consist of atoms.
Atoms are commonly modelled as consisting of electrons orbiting a nucleus containing protons and neutrons.
© Copyright SACE 2022

Atomic Theory

The modern understanding of the fine structure of matter has developed significantly since the atom was first
proposed in Ancient Greece. The model of the atom presented by Ernest Rutherford and Niels Bohr in 1913 is
the most widely referenced in chemistry classrooms today. Research chemists also use newer, more complex
models which incorporate quantum theory. Nevertheless, the Rutherford-Bohr model is sufficient to explain
most observable properties of matter, and for the purposes of this course it will be used exclusively.

Atoms are made up of protons, neutrons, and electrons; these are called subatomic particles.

Protons and neutrons exist in a central nucleus. The atomic nucleus is small, dense, and contains nearly all the
mass of the atom. Electrons exist outside the nucleus and move very rapidly, creating an “electron cloud” around
the nucleus.

The number of protons in the nucleus of an atom is called the atomic number; this number gives the atom its
identity.

The total number of protons and neutrons in an atom is called the mass number. The mass number is measured
in atomic mass units (amu), where 1 amu is equal to the mass of one proton or neutron. As electrons have
approximately 1800 times less mass than protons or neutrons, they are usually ignored when determining the
mass of an atom.

An atom’s charge is determined by the number of protons and electrons present, as neutrons do not carry
electric charge. Atoms usually have an equal number of protons and electrons. Atoms therefore usually have zero
electric charge overall, because protons and electrons have opposite electric charges which cancel each other.

The properties of the subatomic particles are summarised in the table below.

Particle Symbol Electric charge (e) | Relative mass (amu) Position
Proton p* +1 1 Nucleus
Neutron n° 0 1 Nucleus
1
Electron e —1 ~—— Around the nucleus
1800
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STAGE 1 CHEMISTRY TOPIC 1: MATERIALS AND THEIR ATOMS

The electron cloud is organised into shells and each electron exists in a specific shell. These shells are often
depicted in a similar way to planetary orbits, but they exist in three dimensions (hence the name ‘shell’).

S nucleus
2nd shell 7
(8 electrons) P proton
7
\ neutron
\
|
B e

1st shell
(2 electrons)

Figure 1.21: Simplified two-dimensional diagram of atom using the planetary model

Each shell has a capacity of 2n? electrons where n is the number of the shell. The capacity of the first four shells
is shown in the table below.

Shell | Electron Capacity
1 2
2 8
3 18
4 32
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TOPIC 1

As the number of electrons in an atom increases from 1 to 18, the electrons fill the shells from the first shell
outwards. The number of electrons in each shell can be described using the main-shell electron configuration.

Element Number of Main-Shell
Electrons Electron Configuration
Hydrogen 1 1
Helium 2 2
Lithium 3 2,1
Beryllium 4 2,2
Boron 5 2,3
Carbon 6 2,4
Nitrogen 7 2,5
Oxygen 8 2,6
Fluorine 9 2,7
Neon 10 2,8
Sodium 11 2,8,1
Magnesium 12 2,8,2
Aluminium 13 2,8,3
Silicon 14 2,8,4
Phosphorus 15 2,8,5
Sulfur 16 2,8,6
Chlorine 17 2,8,7
Argon 18 2,8,8

.Example

A sodium atom has 11 electrons. Two electrons fit into the first shell, eight more fill the second shell, and the single
remaining electron exists in the third shell. The main-shell electron configuration of sodium is 2,8,1.

Figure 1.22: Sodium atom showing location of electrons in shells
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STAGE 1 CHEMISTRY TOPIC 1: MATERIALS AND THEIR ATOMS

-Questions

10. Nitrogen has an atomic number of 7. It is found in the upper right section of the periodic table.

(@) State the number of protons and electrons found in one atom of nitrogen.

(2 marks) KA1

(c) Draw a labelled diagram of a nitrogen atom that contains 7 neutrons. Show the position of protons and
neutrons and the arrangement of electrons.

(3 marks) KA1

(d) Write the main-shell electron configuration of nitrogen.
(1 mark) KA1

Emissions and absorption spectra of elements provide evidence that electrons are arranged in distinct energy
levels and can be used to identify some elements in matter.

© Copyright SACE 2022

Atomic Absorption

Electrons remain associated with their nuclei because they have negative charges and are attracted to positively
charged protons by electrostatic force. Just as planets orbiting a star have gravitational potential energy, electrons
have electric potential energy. The closer an electron is to the nucleus, the less electric potential energy is
stored. Each shell therefore corresponds to a specific energy level, as well as a distance from the nucleus.
Electrons in the first shell have the lowest energy, and each electron increases in potential energy as further shells
are filled.

Atoms can absorb energy, like light or heat, by promoting an electron to a higher energy level (a more distant
electron shell) in a process called atomic absorption. The energy levels for each atom are fixed, and electrons
cannot exist between the energy levels, so atoms can only absorb energy in ‘chunks’ which are equal to the
amount required to promote an electron to a particular higher energy shell. These ‘chunks’ of electromagnetic
energy are called photons.

Photons cannot be split or partially absorbed, so a photon with an amount of energy that does not match the
difference in energy levels cannot interact with an atom. It is, however, possible for an electron to be promoted by
more than one energy level at once.

18 © Essentials Education



Figure 1.23: Atomic absorption of energy causes electron promotion to a higher shell

Absorption Spectroscopy

A spectrum is a graph, or other visual depiction, of the intensity of electromagnetic (EM) radiation at different
wavelengths. The study of the spectra produced when matter interacts with or emits electromagnetic radiation is
called spectroscopy. Visible light is one type of EM radiation that is commonly used for spectroscopic studies,
but spectroscopy can also be used to study other forms of electromagnetic radiation.

- Energy increases
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Figure 1.24: The electromagnetic spectrum

The energy carried by a photon is measured in electron volts (V). Photon energy is inversely proportional to the
wavelength of the photon: if the energy is doubled, the wavelength is halved. Photon wavelengths and energies
also correspond to the colour of the light: low energy photons have long wavelengths and appear red, while high
energy photons have short wavelengths and appear purple.

wavelength 400 445 475 510 570 590 650 780
(nm) | | | | | | | |
photon 3.1 o8 2.6 2.4 22 21 1.9 1.6
energy | | | | | | | |
(eV)

Figure 1.25: The visible portion of the EM spectrum
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STAGE 1 CHEMISTRY TOPIC 1: MATERIALS AND THEIR ATOMS

The specific amounts of energy that can be absorbed by an atom correspond to particular wavelengths and
therefore to particular colours. Atoms will only absorb certain colours of light, while other photons with different
amounts of energy will pass through. The specificity of this process is very useful for analytical purposes.

Each atom has characteristic energy levels and gaps between those energy levels. For example, all hydrogen
atoms will have the same energy difference between their first and second shells, but that energy difference will
not be the same as the difference between the first and second shells of a helium atom. The wavelengths of light
that each atom will absorb can be used to identify the atom.

When white light consisting of photons with all visible wavelengths is shone through a sample of pure elemental
gas, most of the light will pass through, but specific colours will be absorbed. If the light emerging from the sample
is separated into its component wavelengths, an atomic absorption spectrum is obtained. The absorption
spectrum will show dark lines corresponding to the differences between energy levels in that element. The position
of the lines is unique and consistent for each element and can therefore be used to identify the element by
comparison to known samples.

.Example

Hydrogen has one electron. By absorption of a photon with 1.89 eV of energy (i.e., a photon of the correct
colour), that electron can be promoted from the second shell to the third shell. The absorbed photons are no
longer present in the light that is transmitted through the hydrogen gas. The absorption spectrum of hydrogen is
consistent and characteristic of the element.

Hydrogen Absorption Spectrum

Y
O

Figure 1.26: Atomic absorption wavelengths correspond to specific gaps in electron energy levels

Spectroscopy is such an exceptionally useful technique that it has been used for a broad range of applications and
spawned many specialties focused on particular techniques or parts of the EM spectrum. Spectroscopic methods
have been used to study the composition of distant stars, monitor dissolved oxygen content everywhere from
blood to aquatic ecosystems, detect toxic compounds in food, and much else.

20 © Essentials Education



TOPIC 1

& Science as a human endeavour
Exoplanet Spectroscopy

Exoplanets—planets which orbit stars other
than the Sun—are detected by observing a very
slight decrease in brightness as the exoplanet
transits in front of the star. Scientists are currently
attempting to measure the presence of elements
and compounds in exoplanetary atmospheres
using transit spectroscopy, which compares the
relative amounts of different wavelengths coming
from the star during the transit to the usual spectrum
emitted by the star. Any differences detected must
be due to atoms in the exoplanetary atmosphere
absorbing photons with specific energies. As stars
are so much larger than planets, and the amount of

light absorbed so small, very sensitive instruments ~ Figure 1.27: An exoplanet transiting a distant star
are required. (artist’s impression)

Atomic Emission and Emission Spectroscopy

Normally, atoms exist in their ground state. An atom with at least one electron in a higher energy level is said to
be in an excited state. Atoms in an excited state will have different electron configurations than the ground-state
configuration.

-Example

The ground-state main-shell electron configuration of sodium is 2,8,1. If the atom has absorbed a photon and an
electron has been promoted, the main-shell electron configuration might instead be 2,7,2. Electron configurations
are explained in detail later in this chapter.

Atoms in an excited state are unstable, and the electrons return to their original energy levels within a fraction of a
second. As they do so, they emit a photon with energy equal to the energy that was originally absorbed.

photon

-

4

w

- -

Figure 1.28: Atomic emission of energy as an electron returns to its ground state

Separating the emitted light into its component wavelengths produces an emission spectrum. Because the
differences between energy levels in an atom are fixed, the wavelengths in the emission spectrum of a given
element are identical to the wavelengths of its absorption spectrum.

Hydrogen Absorption Spectrum

Hydrogen Emission Spectrum

Figure 1.29: Absorption and emission spectra of hydrogen
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When more than one electron is included in the system, the number of possible jumps between different energy
levels increases rapidly. Most elements have complex emission spectra.

Helium

a -.. Iu_
s -.I-
D -.I -

Figure 1.30: Emission spectra for helium, neon, sodium, and mercury

.Questions

11. Describe how atoms can absorb certain quantities of energy but not others.

................................................................................................................................................................................................................. (2 marks) KA1

12. The absorption and emission spectrum of each element is characteristic for that element. Explain what is
meant by ‘characteristic’ in this context.

................................................................................................................................................................................................................... (1 mark) KA4
13. In 1815, Joseph von Fraunhofer discovered dark lines in the spectrum of visible light coming from the Sun.
KH G, D v C B A

t F c n b E
T N T I D T N
1:]‘r'. I I it | I :;Jr‘: | | 7 I l |’;r|,n,'1 I l i I I TA'I.-,\ I I g |
wavelength in nm
Figure 1.31: Solar spectrum

(@) Name the process that causes the dark lines in the spectrum of visible light emitted by the Sun.

................................................................................................................................................................................................................... (1 mark) KA1
(b) Explain how the dark lines provide evidence that electrons in atoms are arranged in distinct energy levels.
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(c) Describe a method of using the spectrum above to determine whether magnesium and iron are present
in the atmosphere of the Sun.

Atomic number and mass number provide information about the numbers of subatomic particles in an atom.

Many elements consist of a number of different isotopes, which have different physical properties but the same
chemical properties.

e Represent isotopes of an element using appropriate notation.
© Copyright SACE 2022

An individual atom can be represented using a composite symbol with three parts. The elemental symbol (X)
allows identification of the element without reference to the periodic table. The atomic number (2) is the number of
protons present in the nucleus. The mass number (A) is the sum of protons and neutrons in the nucleus.

The number of neutrons present in an atom can be calculated by subtracting the atomic number from the mass
number.

-Example

Like all calcium atoms, the atom of calcium represented above has 20 protons. It has a mass number of 42, so
there must also be 22 neutrons present in the nucleus.

A-Z
42 - 20
22

number of neutrons

Isotopes

An isotope of an element is a configuration of a nucleus with a defined number of neutrons, and therefore with a
defined mass number. The number of protons and electrons does not change between isotopes of an element.
Isotopes are identified using the elemental name and the mass number. The various isotopes of an element have
identical chemical properties because these are determined by the behaviour of the electrons.

-Example

Nitrogen has two stable isotopes. Nitrogen-14 has seven protons and seven neutrons, while nitrogen-15 has

seven protons and eight neutrons.
"N °N
7 7

An atom with eight protons would be an isotope of oxygen.

Most elements have at least two isotopes, some of which are unstable. Unstable isotopes decay into stable
isotopes by emitting energy or particles from their nucleus. Nitrogen has 14 known unstable isotopes, with mass
numbers in the range 10-25.

© Essentials Education 23



STAGE 1 CHEMISTRY TOPIC 1: MATERIALS AND THEIR ATOMS

Eighty elements have stable isotopes; these are elements 1-42, 44-60, and 62-82. Element 43 (technetium),
element 61 (promethium), and all elements with atomic number greater than 82 have no stable isotopes.

.Example

Of the oxygen atoms on Earth, 0.2% are oxygen-18.

18
8

O

number of neutrons = A-Z
= 18-8
= 10
There are 10 neutrons in an atom of oxygen-18.
.Questions
14. Use the periodic table to complete the following table.
Name Symbol Atomic Mass Number of Number of Number of
Number (Z) | Number (A) protons electrons neutrons
Sodium %Na 11 24
2y 39 39
Copper 35
207Pb
Thallium 81 204
H
Carbon 12
N 7
Barium 137
Calcium 20

15. State the number of protons, electrons, and neutrons in the following elements.

(10 marks) KA1

Argon-36 .
Boron-11 _

24
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TOPIC 1

16. Technetium (Tc) has an atomic number of 43. Technetium-99 is an isotope of technetium that is widely used
in nuclear medicine.

(@) Calculate the number of neutrons in technetium-99.

...................................................................................................................................................................... (1 mark) KA1
(b) Represent technetium-99 using a chemical symbol.
...................................................................................................................................................................... (1 mark) KA1
17. Element 78, platinum, has six naturally occurring isotopes.
(@) Define the term isotope.
...................................................................................................................................................................... (1 mark) KA1

(c) Complete the table below.

Isotope Number of protons Number of electrons Number of neutrons

platinum-190

platinum-192

platinum-194

platinum-195

platinum-196

platinum-198

(6 marks) KA1

Science understanding

The arrangement of electrons in atoms and monatomic ions can be described in terms of shells and subshells.

e Write the electron configuration using subshell notation of an atom of any of the first 38 elements in the
periodic table.
© Copyright SACE 2022
Electron shells have so far been presented as circular and uniform, but this is a simplification. Each shell is made
up of subshells, and the number of subshells in a shell is equal to the shell number (that is, the first shell has one
subshell, the second shell has two subshells, etc).
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STAGE 1 CHEMISTRY TOPIC 1: MATERIALS AND THEIR ATOMS

1st shell = 1 subshell

2nd shell = 2 subshells

\ 3rd shell = 3 subshells

Nucleus

Figure 1.32: Each additional shell contains one additional subshell

Subshells are named using the number of the main shell and the letters s, p, d, and f. The first main shell has
only the 1s subshell, the second main shell comprises the 2s subshell and the 2p subshell, the third main shell
comprises the 3s, 3p, and 3d subshells, and so on. The number of electrons that each subshell can hold is shown
in the table below.

Subshell Electron Capacity
S 2
P 6
d 10
f 14

Electron configuration in subshells can be represented using subshell notation. \When the phrase ‘electron
configuration’ is not preceded by the words ‘main-shell’, it always uses the system of subshell notation. Electron
configurations are written using the name of the subshell and a superscript to the right of the name showing the
number of electrons present in that subshell.

.Example

Lithium has three electrons. Two exist in the 1s subshell, represented by “1s2”. The third electron is in the 2s
subshell, represented by “2s'”. The electron configuration of lithium is:

15225’

Subshells within a main shell do not have equal energy levels and, beginning with the third shell, the subshells
of different main shells begin to overlap. As shown in Figure 1.33, the 4s subshell is of lower energy than the 3d
subshell. Shells always fill from lowest energy first, so the 19" electron in an atom will exist in the 4s subshell rather
than the 3d subshell.

11 A
& "\\ 4™ ghel
— s g
3d /
is e :
3p ‘ 3" shel
3 . Energy
2p
----- -, 2" shell
2s S—
1s 1¥ shell

Figure 1.33: Comparative energies of the first four shells
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.Example

The electron configuration of element 19, potassium, is 1522s522p53s23p°%4s1.
This means potassium has a main-shell electron configuration of 2,8,8,1.
If subshells were ignored, a main-shell configuration of 2,8,9 might be incorrectly predicted.

The electron configurations of the first 20 elements are shown in the table below.

Element Z Electron configuration
Hydrogen 1
Helium 2
Lithium 3
Beryllium 4
Boron 5
Carbon 6
Nitrogen 7
Oxygen 8
Fluorine 9
Neon 10
Sodium 11 | 1s?22522pf3s!
Magnesium 12 | 1s22522pf3s?
Aluminium 13 | 1s%2522pf3s23p'
Silicon 14 | 1s%25?2pf3s23p?
Phosphorus 15 | 1s225?2pf3s23p°
Sulfur 16 | 1s%2s22pf3s23p*
Chlorine 17 | 1s%2522pf3s23p°
Argon 18 | 1s225?2pf3s23p°
Potassium 19 | 1s%2522p®3s23p4s!
Calcium 20 | 1s225%2p83s23ps4s?

TOPIC 1

The third, fourth, and fifth main shells overlap significantly, so the order in which subshells are filled as further

electrons are added continues to be complex.
1s 25 2p 3s 3p 4s 3d 4p 5s

There are two straightforward methods for remembering the sequence in which subshells are filled.

© Essentials Education
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STAGE 1 CHEMISTRY TOPIC 1: MATERIALS AND THEIR ATOMS

Method 1: Subshells Columns with Diagonal Lines

If the subshells are written in columns corresponding to their s, p, d, or f character, descending diagonal lines
show the correct order for filling.

AR\
W
A\

N
»
N
©

(o))

[
(e}
=

#6d

(0]
©

7f

~
[%2)
~

©
~
o

\

*and #: In both these cases it is
found that the two subshells fill at
the same time.

ARARANN
VAN
WAN

A\

Figure 1.34: Diagonal method for determining fill order for electron subshells

Method 2: Reading Subshells from the Periodic Table

The periodic table is arranged such that the elements with s electrons in their highest energy subshell are grouped
together in the s-block, elements with p electrons in their highest energy subshell are grouped in the p-block, and
so on. The order of subshells can be read left-to-right, top-to-bottom, directly from the table.

s-block

Figure 1.35: Periodic table method for determining fill order for electron subshells
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.Example

Arsenic is element 33. It is found in the p-block, and it is the third element in its row in the p-block, so its
configuration is expected to end with ‘p%. Using either method above for determining the order in which subshells

are filled, the electron configuration for arsenic is 1522522p°%3s23p%4523d"°4p3.

The electron configurations of elements 21-38 are shown in the table below.

TOPIC 1

Element Symbol Y4 Electron configuration
Scandium Sc 21 15225%2p%3s23p%4523d"
Titanium Ti 22 15225%2p53523p84523d?
Vanadium Vv 23 15225%2p%3s23p%4523d°
Chromium* Cr 24 15225%2p%3s%3p°4s'3d°
Manganese Mn 25 15225%2p%3523p84523d°
Iron Fe 26 15225%2p%3s23p84523d°
Cobalt Co 27 15225%2p53523p84523d"”
Nickel Ni 28 15225%2p%3s23p84523d?
Copper* Cu 29 15°225°2p°3523p°4s'3d1°
Zinc Zn 30 15225%2p53523p84523d"°
Gallium Ga 31 15225%2p53523pf4523d'%4p!
Germanium Ge 32 15225%2p835%3pf4523d'%4p?
Arsenic As 33 15225%2p83523p84523d'%4p8
Selenium Se 34 15225%2p83523pf4523d'%4p*
Bromine Br 35 15225%2p53523p84523d'%°4p°
Krypton Kr 36 15225%2p83523p84523d'%4p°8
Rubidium Rb 37 15225221p83523p84523d'%°4pf5s!
Strontium Sr 38 §22522p63s23pf4523d1°4p5s2

*In chromium atoms and copper atoms, one electron moves from the 4s subshell to the 3d shell, giving electron
configurations ending in 4s'3ad® and 4s'3d'°, respectively. This occurs because the presence of five or 10 electrons
in the d subshell creates a symmetry which provides an energy benefit greater than the energy required to promote
the electron by one shell. The electron configurations shown are therefore more energetically stable than the
alternative 4s? configurations.

Electron Configurations of lons

lons are charged atoms formed by the gain or loss of electrons. Metals tend to release electrons and form positive
cations, while non-metals tend to gain electrons to form negative anions. Electrons are mostly gained or lost in
the same order as the shells are filled.

-Example

A chlorine atom (Cl) can gain one electron to become a chloride anion (CI). The additional electron is added to the

lowest energy subshell that is available, which is 3p.

Chlorine Atom (CI)

Chloride lon (CI")

1522522p%3s23p°

15°2522p%3s23p°

© Essentials Education
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STAGE 1 CHEMISTRY TOPIC 1: MATERIALS AND THEIR ATOMS
-Example

A beryllium atom (Be) can lose two electrons to become a beryllium cation (Be?*). The two electrons are lost from
the highest energy subshell that already contains electrons, which is 2s.

Beryllium Atom (Be) | Beryllium lon (Be?*)

18225 1s?

lons of Transition Metals

There is one significant exception to the method of determining the electronic configurations of ions. Metals with
their highest energy electrons in the d-block (transition metals) prefer to lose electrons from the ns subshell before
the (n—1)d subshell.

-Example

Nickel (Ni) can lose two electrons to become a nickel cation (Ni#*). The two electrons are removed from the 4s
subshell, rather than the 3d subshell.

Nickel Atom (Ni) Nickel lon (Ni%)
15225%2p%3s?3p84523d? 15225%2p83s23p83d®

-Questions

18. Using appropriate chemical terminology, explain the distinction between a main shell and a subshell.

20. Write the electron configurations for the following elements using subshell notation.

@ Nydrogen ... Ko COPPEr e )
D berylium s loarsenic e )
C. CarbON e m. selenium )
Ao OXYGEN e n. chlorideion, CIF e )
€. fluorine e 0. magnesium ion, Mg® ... )
fos0dium e p. phosphorusion, P e )
9. SUfUr e g.  vanadium(lll) ion, V¥ e )
N argon e, r.cobalt(l)ion, Co* . )
LcalCiUM e s.zinc(ll)ion, Zn** e )
Joo ChromIUM s t.oxygenion, O )

(20 marks) KA1
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1.3 Quantities of atoms
Science understanding

The quantities of different substances can be conveniently compared using the mole unit.

The relative atomic mass of an element is determined from all the isotopes of that element.

The number of moles of atoms in a sample can be determined from the number of atoms present or from the
mass of the atoms.

e Undertake calculations using the relationship n = m/M and its rearrangements.

© Copyright SACE 2022
Chemical reactions involve whole numbers of atoms or molecules. However, atoms are far too small to be
individually counted. The primary way of quantifying a real sample of a substance in a laboratory is to measure
its mass, not count the number of particles it contains. To understand and control the quantities of substances
consumed and produced in a reaction, a convenient method of converting between mass and number of particles
is required. The mole unit was created for this purpose.

A mole of a substance is the amount of that substance that contains 6.02214076 x 10? particles of that substance
(usually rounded to 6.02 x 10%%). This is very close to the exact number of carbon atoms in a 12.00 g sample of
carbon-12. It is called Avogadro’s number (N,) in honour of Amadeo Avogadro.

-Example

Just as one might count eggs in dozens, particles can be counted in moles.

3 dozen eggs = 36 eggs
1 mole of particles = approximately 602,000,000,000,000,000,000,000 particles.

Chemists chose the number of particles in a mole to make their calculations especially easy. The mass of individual
molecules is expressed in atomic mass units (amu), where one atomic mass unit is equal to <5 the mass of one
atom of carbon-12. Because Avogadro’s number is also based on carbon-12, the mass of one atom or molecule
in atomic mass units is equal to the mass of one mole of that substance in grams.

Molar Mass

The molar mass (M) of a substance is the mass of one mole of that substance in units of grams per mole (g/mol).
The molar mass of one atom of each element is written beneath the symbol on the periodic table. Molar masses
can be used to determine the amounts of reactants that should be used in a reaction.

-Example

In the reaction of carbon and oxygen to form carbon dioxide, exactly one carbon atom reacts with exactly one
oxygen molecule (containing two oxygen atoms) to produce exactly one carbon dioxide molecule.

C+0,~»CO,
A chemist wishes to conduct this reaction in the laboratory and produce exactly one mole of carbon dioxide.

The molar mass of carbon is 12.01 g/mol.

6

C

carbon

12.01 Atomic mass

Figure 1.36: Atomic mass for each element is shown on the periodic table
One mole of carbon will weigh 12.01 grams.
M. = 12.01 g/mol

C
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The molar mass of oxygen atoms is 16.00 g/mol.

8

(0

oxygen
16.00

Figure 1.37: Atomic mass for each element is shown on the periodic table

An oxygen molecule contains two oxygen atoms, so the molar mass of the molecule is 32.00 g/mol. One mole of
oxygen molecules will weigh 32.00 grams.

M, 2 x M)
(2 x 16.00)
32.00 g/moal

The ratio of carbon to oxygen in the reaction is 1:1, so one mole of carbon will react with one mole of oxygen to
produce carbon dioxide with no reactants left over. The chemist in the laboratory knows to weigh out 12.01 grams
of carbon and 32.00 grams of oxygen.

2

One mole of carbon dioxide will be produced. The molar mass of carbon is calculated by adding the molar masses
of its constituent atoms: one carbon and two oxygen atoms.

Mo = (I1xM)+(@2xM)
= (1x12.01) + (2 x 16.00)
= 44.01 g/mol
The amount of carbon dioxide produced will be 44.01 g.
.Questions
21. Use the periodic table to calculate the molar mass of each of the following substances.
(@ hydrogen gas, H, (e) lithium hydride, LiH
(o) ozone, O, () sodium nitride, NaN,
(c) neon gas, Ne (@) aluminium sulfate, AL(SO,),
(d) caffeine, C;H, N,O, (h) isopropyl alcohol, CH,CH,CH,OH

(8 marks) KA1
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Calculating with Moles

Reactions will not always occur in amounts corresponding to exactly one mole. The number of moles in a sample
can be calculated using the formula below.

m
M
The number of moles present, n, is measured in moles (mol).

n=

The mass of the sample, m, is measured in grams (g).

The molar mass of the substance, M, is measured in grams per mole (g/mol).

-Example

Calculate the number of moles of iron present in an iron nail with a mass of 0.214 g.
m = 02149
M., = 55.85 g/mol
n _m
M
0.214 g
56.85 g/mol
= 0.00383 mol

= 3.83 x 10° mol

-Example

Calculate the number of moles of methane (CH,) present in 1.000 kg of methane.
1000 g
(1x12.01)+ (4 x 1.01)

16.05 g/mol

m
n = —
M

m
M

CHy

1000 g
16.043 g/mol
62.33 mol

The number of moles of a particular atom in a sample will be the number of moles of the substance multiplied by
the number of atoms in one molecule or formula unit.

-Example

Calculate the number of moles of hydrogen atoms (H) present in 1.000 kg of methane (CH,).

Ny, = 62.33 mol (from above)

n, = Ng,, x number of hydrogens in CH,
= 6233 x4
= 249.3 mol
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Moles are Sl units and can take all the usual Sl prefixes. Small fractions of a mole can therefore be expressed using
millimoles (mmol), micromoles (umol), or even nanomoles (nmol).

-Example

Paclitaxel is a chemotherapy drug with a molecular formula of C,,H, ,NO,, and a molar mass of 853.91 g/mol.
Doses are calculated for specific individuals, but a typical dose might be 10 milligrams (mg).

m = 10mg
= 0.01000¢g

M = 853.91 g/mol
m

n =
M

0.01000 g
853.91 g/mol
= 0.00001171 mol
= 11.71 ymol

A typical dose of paclitaxel is approximately 12 micromoles.

Mass Number, Atomic Mass, and Relative Atomic Mass
The mass number of an atom is simply the sum of protons and neutrons. It is always a whole number.

The atomic mass of an atom is its precise mass measured in atomic mass units (amu). Carbon-12 has an
atomic mass of exactly 12, but most other elements don’t have whole-number atomic masses because of the tiny
discrepancies introduced by the mass of electrons and relativistic effects.

The molar masses provided for each element on the periodic table are relative atomic masses (A). Relative
atomic masses are averages calculated using the atomic masses of each isotope and weighted according to the
abundance of different isotopes on Earth. Beyond Earth, there may be quite different amounts of each isotope,
and the molar mass of each element would therefore also be different.

-Example

On Earth, bromine occurs as two stable isotopes. Bromine-79 makes up 50.7 % of bromine atoms, and bromine-81
makes up the remaining 49.3%.

The atomic mass (A) of bromine-79 is 78.92 amu.
The atomic mass of bromine-81 is 80.92 amu.
The relative atomic mass is calculated as the weighted average of these two atomic masses.
A (% Brx A )+ (% BrxA,;)
(0.507 x 78.92) + (0.493 x 80.92)
79.91

The relative molecular mass of a molecular compound is calculated by summing the relative atomic masses of
the constituent atoms in the molecule. The relative formula mass of a continuous compound is also calculated
by summing the relative atomic masses of the constituent atoms in the formula unit.

I

Relative molecular mass (M) and relative formula mass (M) are calculated in the same way as molar mass (M), and
the terms are often used interchangeably. However, molar mass is the mass of one mole, and has units of grams
per mole. Relative masses are compared to the mass of carbon-12 and therefore do not have units. Quantities
without units are called dimensionless quantities.

The molar mass and relative molecular mass of water are compared below.

Molar Mass Relative Molecular Mass
l\/lHZO = (2x1.01g/mol) + (1 x 16.00 g/mol) Mr(ng = (2x1.01)+(1x16.00)
= 18.02 g/mol = 18.02
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Mass Spectrometry

Values in this text have been rounded to two or three decimal places, but the relative atomic mass of
individual isotopes is known very precisely. This means that, just as atoms have characteristic absorption
and emission spectra, individual molecules have characteristic masses that can be used to identify them.

TOPIC 1

For example, the mass of one molecule of water containing no rare isotopes (i.e., two atoms of 'H and one
atom of °0) is exactly 18.010 564 683 4. This is the basis of mass spectrometry, which can rapidly detect

specific substances.

Swab tests for explosives conducted at airports rely on this technique. A security officer will rub a small
swab over the clothes and bags of an individual, then place the swab into a mass spectrometer that fits
on a table. The surface of the swab is vaporised and the machine scans for compounds that are present
in explosives. Mass spectrometers of this type usually return a result within seconds.

-Questions

22. Calculate the relative molecular mass of the following compounds.

(@ ammonia, NH,

(d) butane, CH,,

(o) nitrogen dioxide, NO,

(e) carbon tetrafluoride, CF,

(c) hypochlorous acid, HOCI

() acetone, CH,COCH,

(6 marks) KA1

23. Calculate the relative formula mass of the following compounds.

(@ calcium chloride, CaCl,

(d) lithium nitride, Li,N

(b) magnesium phosphate, Mg,(PO,),

(€) strontium hydroxide, Sr(OH),

(c) potassium oxide, K,O

() hydrated barium chloride, BaCl,.2H,0

(6 marks) KA1
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24. Common sugar, sucrose, has the molecular formula C,,H,,0,,.

(@) Calculate the relative molecular mass of one sugar molecule.

(1 mark) KA1

(b) Calculate the mass of 1.00 moles of sugar molecules.

(2 marks) KA1
(c) State the number of sugar molecules in one mole.

(1 mark) KA1
(d) State the number of moles of hydrogen atoms in one mole of sugar.

(1 mark) KA1
(e) Calculate the number of hydrogen atoms in one mole of sugar.

(1 mark) KA1
() Calculate the mass of 0.5980 moles of sugar.

(1 mark) KA1
(g Calculate the number of moles of sugar molecules in a 4.2 g sample.

(1 mark) KA1

25. Magnesium has three naturally occurring stable isotopes: magnesium-24, magnesium-25, and magnesium-26.

Isotope Atomic Mass % Abundance on Earth
magnesium-24 23.985 79.0
magnesium-25 24.986 10.0
magnesium-26 25.983 11.0

Calculate the relative atomic mass of magnesium.

(3 marks) KA1
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1.4 The periodic table

Science understanding

In the modern periodic table, elements are arranged in order of increasing atomic number, and display periodic
trends in their properties.

e |dentify the position of an atom in the periodic table given its electron configuration.
e |dentify the s, p, d, and f blocks of the periodic table.

© Copyright SACE 2022

The periodic table displays the 118 known elements in order of increasing atomic number.

Group
2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
2
1 He
hydrogen helium
[1.007, 1.009] 4.003
4 5 6 7 8 9 10
2 Be B (o3 N (o) F Ne
berylium boron carbon nitrogen oxygen fluorine neon
9.012 [10.80, 1083) | [12.00,12.02) | [(14.00,12.01) | [15.99, 16.00] 19.00 20.18
12 13 14 15 16 17 18
3 Mg Al Si P S Cl Ar
magnesium aluminium silicon phosphorus sulfur chlorine argon
[24.30, 24.31] 26.98 [28.08, 28.09] 30.97 [32.05, 32.08] [35.44, 35.46] 39.95
'g 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36
5 4 Ca Sc Ti \'} Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr
o calcium scandium titanium vanadium chromium | manganese iron cobalt nickel copper zinc. gallium germanium arsenic selenium bromine. krypton
40.08 44.96 47.87 50.94 52.00 54.94 55.85 58.93 58.69 63.55 65.38(2) 69.72 72.63 74.92 78.97 [79.90, 79.91] 83.80
38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54
5 Sr Y Zr Nb Mo Tc Ru Rh Pd Ag Cd In Sn Sb Te | Xe
strontium yttrium zirconium niobium molybdenum | technetium ruthenium rhodium palladium silver cadmium indium tin antimony tellurium iodine xenon
a752 w01 0122 a201 0595 To1.1 1029 1064 1079 124 14z 17 1218 1276 1269 1515
56 57-71 72 73 74 75 76 7 78 79 80 81 82 83 84 85 86
6 Ba | weows | HF Ta w Re Os Ir Pt Au Hg Tl Pb Bi Po At Rn
barium hafnium tantalum tungsten rhenium osmium iridium platinum gold mercury thallium lead bismuth polonium astatine radon
1573 1785 1809 a8 1862 1002 1022 1051 1070 205 | poascosa | oor2 2090
88 89-103 104 106 106 107 108 109 110 111 12 13 114 15 16 17 118
7 Ra | ainois Rf Db Sg Bh Hs Mt Ds Rg Cn Nh Fl Mc Lv Ts Og
radium rutherfordium | dubnium seaborgium bohrium hassium meitnerium | darmstadtium | roentgenium | copemicium [  nihonium flerovium moscovium | livermorium tennessine | oganesson
57 58 59 60 61 62 63 64 65 66 67 68 69 70 7
Lanthanide Series La Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
lanthanum cerium i i i samarium europium gadolinium terbium dysprosium holmium erbium thulium ytterbium lutetium
1589 . y y 1520 1573 Y 25

Actinide Series

Figure 1.38: The modern periodic table

Periods

Each row is called a period and represents one main electron shell. A new row is started when the highest energy
electron exists in a higher main shell.

.l B 1= Period B 5" Period

[ 2 Period [l 6" Period

-I 3 Period B 7 Period
B 4" Period

Wl La Ce Pr Nd Pm Sm Eu Gd Th Dy Ho Er Tm Yb

Figure 1.39: Periodic table showing the periods

The period in which an element appears can be determined from its main-shell electron configuration or from its
subshell electron configuration.

© Essentials Education 37



STAGE 1 CHEMISTRY TOPIC 1: MATERIALS AND THEIR ATOMS
.Example

Element 15, phosphorus, has 15 electrons.

Using Main-Shell Electron Configuration

The main-shell electron configuration is 2,8,5.

There are three numbers in the main-shell electron configuration.
Phosphorus appears in period 3.

Using Subshell Electron Configuration

The electron configuration is 1522522p53s23p°.

The highest occupied s subshell (3s?) is in the third main shell.

Phosphorus appears in period 3.

Groups
Each column on the periodic table is called a group. Groups are often labelled using Roman numerals.
Arabic Numerals | Roman Numerals Arabic Numerals | Roman Numerals
1 I 10 X
2 Il 11 Xl
3 1l 12 Xl
4 \Y, 13 Xill
5 \ 14 XV
6 Vi 15 XV
7 VI 16 XVI
8 VIl 17 XVII
9 X 18 XVIII

The table is arranged such that the elements in each column have similar properties and electron configurations.
There are 18 groups, and groups |-l and XllI-XVIII are called the main groups. The main groups are often
numbered I-VIII. This means that, without context, a phrase like “group IV” is ambiguous, and could mean group
[V (titanium, zirconium, hafnium, etc.) or main group IV (carbon, silicon, germanium, etc.)

nm NV v v v Vi

Ti| V|[Cr|Mn|{Fe|Co| Ni|Cu|Zn

Zr |[Nb|Mo| Tc |Ru|Rh |Pd|Ag|Cd

Hf [ Ta| W |Re |[Os| Ir | Pt | Au|Hg

Rf (Db |Sg |(Bh|Hs | Mt|Ds|Rg|Cn

La|Ce|Pr |Nd|{Pm(Sm|Eu|Gd|Tb |Dy|Ho | Er ([Tm|Yb | Lu

Ac|(Th|{Pa| U |Np|Pu|Am|Cm|Bk | Cf | Es [Fm|Md|No | Lr

Figure 1.40: Periodic table showing the main groups

The group in which an element appears can be determined from its main-shell electron configuration or from its
subshell electron configuration.
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-Example

Element 15, phosphorus, has 15 electrons.

Using Main-Shell Electron Configuration

[ts main-shell electron configuration is 2,8,5.

The final number in the main-shell electron configuration is 5.
Phosphorus appears in main group V.

Using Subshell Electron Configuration

The electron configuration is 1522s22p53s23p°.

The highest occupied subshell is 3p3.

Phosphorus appears in the third column in the p-block.

s-, p-, d-, and f-blocks

s-block
p-block
~1s 1s—
« 25 > < 2p >
d-block

<« 3s > < 3p >
<« 45 > |« 3d > | < 4p >
< 5s »>|+ 4d > | < - 5p >
<« 6s >« 5d > | < 6p >
<« 7s >|% 6d >

f-block
4f

A

Y

A

5f

Y

Figure 1.41: Periodic table showing the s-, p-, d-, and f-blocks

Groups | and Il form the s-block. Elements in group | have electron configurations ending in s' and are called the
alkali metals. Elements in group Il have electron configurations ending in s? and are called the alkaline earth
metals. Although helium has an electron configuration of 1s2, it is usually placed with group XVIIl because it has
very similar properties to the other elements in group XVIII.

Groups XllI-XVIII (main groups llI-VIIl) form the p-block. Elements in Groups XlII-XVI have electron configurations
ending in p' to p*. These elements have wildly varying properties but can be classified as the post-transition
metals, the metalloids, and the non-metals. Elements in group XVII have electron configurations ending p®
and are called the halogens. Elements in group XVIII have electron configurations ending in p® and are called the
noble gases. The halogens and noble gases are also non-metals.

Groups lII-XII form the d-block. These elements have electron configurations ending in d' to d'° and are known
as the transition metals.

The elements with their highest energy electrons in f subshells (elements 57-71 and 89-103) have been placed
in their own section at the bottom, the f-block, and the rest of the table has been concatenated. This is done
to make the table easier to print and read, and because most of the f-block elements (the lanthanides and
actinides) are extremely rare.
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1 oy 2
H Other Nonmetal Transition Metal He
hyd H + heli
et [ Alkali Metal Post-Transition Metal el
4 Alkali Earth Metal Metalloid 5 6 7 8 9 10
Be ’ B (] N o F Ne
beryliom Lanthanide Halogen B o | riroaent [ cRment|  fuorine
9.012 . . [10.80, 10.83] [12.00, 12.02] [14.00, 14.01] [15.99, 16.00] 19.00 20.18
" I Actinide Noble gas ™ " i s pe p
Mg I:‘ Unknown Al Si P S Cl Ar
magnesium aluminium silicon phosphorus sulfur chlorine. argon
[24.30, 24.31] 26.98 [28.08, 28.09] 30.97 (32.05,32.08] | [35.44,35.46] 39.95
20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36
Ca Sc Ti \'} Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr
calcium scandium titanium vanadium chromium | manganese iron cobalt nickel copper zinc gallium germanium arsenic selenium bromine Krypton
40.08 44.96 47.87 50.94 52.00 54.94 55.85 58.93 58.69 63.55 65.38(2) 69.72 7263 74.92 78.97 [79.90, 79.91] 83.80
38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54
Sr Y Zr Nb Mo Te Ru Rh Pd Ag Cd In Sn Sb Te | Xe
strontium yitrium zirconium niobium molybdenum | technetium ruthenium rhodium palladium silver cadmium indium tin antimony tellurium iodine xenon
87.62 88.91 91.22 9291 95.95 101.1 102.9 106.4 107.9 1124 114.8 1187 1218 1276 126.9 1313
56 57-71 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86
Ba | aenoos | HF Ta w Re Os Ir Pt Au Hg TI Pb Bi Po At Rn
barium hafnium tantalum tungsten rhenium osmium iridium platinum gold mercury thallium lead bismuth polonium astatine radon
137.3 1785 180.9 183.8 186.2 190.2 192.2 195.1 197.0 200.6 [204.3, 204.4] 207.2 209.0
88 89-103 104 105 106 107 108 109 10 m 12 13 14 15 16 "7 118
Ra | acinows Rf Db Sg Bh Hs Mt Ds Rg Cn Nh Fl Mc Lv Ts Og
radium rutherfordium | dubnium | seaborgium |  bohrium hassium i roentgenium perni nihonium flerovium oganesson
57 58 59 60 61 62 63 64 65 66 67 68 69 70 ral
Lanthanide Series La Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
lanthanum cerium i If ‘samarium europium i terbium il holmium erbium thulium ytterbium lutetium
138.9 140.1 140.9 144.2 150.4 152.0 157.3 158.9 1625 164.9 167.3 168.9 173.0 175.0

Actinide Series

Figure 1.42: Periodic table showing the element classifications

Science understanding

The position of an element in the periodic table is related to its metallic or non-metallic character.

e |dentify trends in atomic radii, valencies and electronegativities, across periods and down groups of the
periodic table.

Metal

Metalloid
Nonmetal

57-71

Lanthanoids®

“1(89-103

Actinoids**

l 5 30974
Phosphorus
| ml 1
lodine

mmmmmmmmmnmm
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Metallic and Non-Metallic Character

Most elements are classified as either metals or non-metals based on their properties, although some elements
display both metallic and non-metallic properties and are known as metalloids. Metals are found on the left side
of the table, and non-metals on the right, with the metalloids straddling the boundary. Hydrogen is an exception;
it is the only non-metal found on the left side of the table.

E i
>
D =

6 12,0096

Carbon

7 14006

"C N

Nitrogen

8 15999

o

Oxygen

9 18.998

i

Fluorine

20,1797

ol

Neon

109 @ff110 @]111 @

Ds

weitnerium | | Darmstadtium | | Roentgenium

113 (286)
Cn |[Nh
icit Nihonium

115 (290)
Mc

- |La e | Pr ||Nd|[Pm]Sm | Eu [Gd || Tb | Dy | Ho | Er [Tm] Vb | Lu
- |Ac|Th[/Pajl'u [Np PufAmcm| Bk | Cf | Es [FmMdNoj Lr

16 2%

Sulfur

17 B4

-

Chlorine.

T
©
#é

Argon

34 78.971

35 %0

?
3

Selenium

Bromine

36 B

Krypton

(210)
As!alme

1
b

54 13129

Xenon

(222)

Radon.

116 ell117 e][118 @
Livermorium Tennessine Oganesson

Figure 1.43: Periodic table showing classification of elements as metals, non-metals, or metalloids
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Metallic Properties Non-Metallic Properties
Strong/hard Weak/soft
Lustrous (shiny) Dull
Good conductors of electricity and heat Poor conductors of electricity and heat
Ductile and malleable Brittle (when solid)
High melting/boiling points Low melting/boiling points
Low electronegativity High electronegativity
Release electrons to form positive cations Gain electrons to form negative anions

Valency
The valency of an atom is its capacity to form bonds with other atoms.

For main groups I-lll and V-VII, the charge that an atom will take when forming an ionic bond can be predicted
from the periodic table.

+1
+2 +3 -3 -2
1A 8A
— 2H4m
2A 3A 4A 5A 6A 7A
e — e e
Li || Be BIICI|NI| O Ne
Lithium Beryllium Boron Carbon Nitrogen Oxygen Fluorine Neon
— s e | T T |
Na | Mg AlL||Si| P | S Ar
o || w2 romn || S || oo || e || e
T [ e P [ P | e | ) | s | e e e s e e I e (s (e
. R
Ca||Sc| Tif| V|Cr{Mn|Fe|Cof Ni|CulZn| Gal| Ge]| As | Se Kr

37 wan)|[3g we2|[39 soss|[a0 o2|[a1 2o¢][an =5][a3 2 | P | e | e | A | I e | O | B | P | R | =S

Sr|| Y| Zr ||Nb| Mo Tc||Ru|Rh|Pd|Ag(Cd| In | Sn|Sb| Te Xe

Rubidium Strontium Vitrium Zirconium Niobium Molybdenum Technetium Ruthenium Rhodium Palladium silver Cadmium Indium Antimony. Tellurium lodine Xenon

55 205 [5g 57| [57-71 72 wo|[73 wes|[74 we|[75 wawr]|[76 ws|[77 =ar][78 o] [79 s [go 02| [g1 2+|[g2 272|[g3 ===][g4  coi|[g5  v][gg @

Cs||Ba| .| Hf || Ta| W | Re|Os| Ir ||Pt|Au|Hg| Tl | Pb| Bi | Po| At | Rn

Caesium Barium Hafnium Tantalum Tungsten Rhenium Osmium ridium Platinum Gold Mercury Thallium Lead Bismuth Polonium Astatine Radon

87 ©|[gg  @|[89-103 |[104 “|[105 “=][106 @|[107 “|[108 @7][109 @®|[110 e]{111 @@][112 @o|[113 ©o|[114 @][115 eo|[116 ©|[117 @9][118 @

Fr ||Ra| .. || Rf||Db| Sg | Bh| Hs| Mt| Ds|Rg|Cn|Nh| Fl||Mc|Lv| Ts |Og

Francium Radium Rutherfordium Dubnium Seaborgium Bohrium Hassium weitnerium | | Darmstadtium | | Roentgenium | | copernicium Nihonium Flerovium Moscovium Livermorium Tennessine Oganesson

A | T | B | O | T | ] | R | P | ] | T | A | ) | A R |

e | LA || Ce || Pr|{|Nd|Pm|Sm| Eu|Gd| Tb| Dy|Ho| Er | Tm| Yb || Lu

Lanthanum Cerium praseodymium | | Neodymium Promethium Samarium Europium Gadolinium Terbium Dysprosium Holmium Erbium Thulium Yiterbium Lutetium

89 @||gg =wm|[gy es|[gy :sos||g3  @i|[gg e#|[gs  em]|gg  @m][g7  em|[gg  eullgg  @al[100 P|[101 ®9]|[102 @|[103 @

e |AC| Th|Pa|l U [Np| Pu|Am|Cm| Bk| Cf| Es|Fm|Md| No| Lr

Actinium Thorium Protactinium Uranium Neptunium Plutonium Americium Curium Berkelium Californium Einsteinium Fermium Mendelevium Nobelium Lawrencium

Figure 1.44: Periodic table showing predicted ionic charges

Atomic Radius

Atoms do not have sharply defined boundaries, but the relative sizes of atomic radii can be compared using the
position of the outermost electrons.

Atomic radius increases as one travels down a group, as the electrons occupy higher-energy electron shells which
are more distant from the nucleus.

Atomic radius decreases as one travels from left to right across a period. The additional electrons are added to the
same main shell, and the additional protons present in the nucleus exert a greater attractive electrostatic force on
the electrons which draws all the electrons closer to the nucleus.
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Group

g Be
i) . Mg
s i‘/K|ca|sc|Ti| vV |Cr|Mn|Fe|Co|Ni

) Sr| Y |Zr |Nb|Mo|Tc |Ru|Rh|Pd
) Ba Hf [Ta|W [Re|Os| Ir | Pt
i Ra Rf |[Db|Sg|Bh|Hs Mt |Ds

Increase in radius
Figure 1.45: The trends in atomic radii

Electronegativity

The electronegativity of an element is a number representing the ability of an atom to attract an electron to itself.
Electronegativity values are expressed on the Pauling scale using arbitrary units between O and 4. Caesium and
francium have the lowest electronegativity (0.7), and fluorine has the highest (4.0).

Electronegativity decreases as one travels down a group for two reasons. Firstly, a larger atomic radius means the
outermost shell is further away from the nucleus, and this weakens the attractive force. Secondly, there are more
electrons between the nucleus and the outermost shell, and this creates a ‘shielding’ effect which also weakens
the attractive force.

Electronegativity increases as one travels across a period because the reduced atomic radius means the outermost
shell is closer to the nucleus, which strengthens the attractive force.

Increase in electronegativity

i

Figure 1.46: Trends in electronegativity of the main group elements

The trends in atomic radius and electronegativity are inverse to one another. They are summarised in Figure 1.47.
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Figure 1.47: periodic table showing general trends for atomic radius and electronegativity

.Questions

26. Complete the table below by classifying each element as a metal, non-metal, or metalloid.

Atomic Number Symbol Name Classification

2 He helium non-metal

Zn

silver
Ge
phosphorus
5
arsenic

19

Au

© Essentials Education
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27. Complete the table below by classifying each element as an alkali metal, alkaline earth metal, transition
metal, post-transition metal, halogen, noble gas, lanthanide, or actinide. Additionally, state which block of the
periodic table the element is found in.

Atomic Number Symbol Name Classification Block
54 Xe xenon noble gas p-block
41
12
lead
F

praseodymium

37

krypton

(8 marks) KA1

28. Use the electron configurations below to identify the period number, group number, and identity of each of
the following neutral atoms below.

Electron Configuration Period Number Group Number Element Name

1s225°2p?

1522522p%3s23p®4523d°

1522522p%3s23p°

1522522p%3s23p®4s'3d°

18%2¢?

1s22522p*

15225%2p83s!

15225%2p83s%3p°

15225%2p835?3p845%3d"%4p’

(8 marks) KA1
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29. Fluorine and oxygen are both reactive non-metals.
(@) “Fluorine is more electronegative than oxygen”. Explain this statement.

............................................................................................. (1 mark) KA4
(b) State whether fluorine and oxygen have high or low electronegativity, compared with other elements.
............................................................................................. (1 mark) KA1
(c) State which element, fluorine or oxygen, has the higher electronegativity.
............................................................................................. (1 mark) KA1
(d) State which element, fluorine or oxygen, has the greater atomic radius.
............................................................................................. (1 mark) KA1

Summary Test 1: Materials and their Atoms

1. A mixture of sand and water can be separated using the apparatus shown below.

(@) State the name of the separation technique shown.

(b) Explain the separation technique shown.
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Silicon dioxide is a major component of sand. It is a continuous covalent compound with a ratio of two
oxygen atoms to each silicon atom (SiO,).

(c) Draw and label a diagram of an atom of silicon-28.

(3 marks) KA1
(d) Classify silicon as a metal, non-metal, or metalloid.

...................................................................................................................................................................... (1 mark) KA1
(e) State the relative atomic mass of silicon.
...................................................................................................................................................................... (1 mark) KA1
() Calculate the relative formula mass of silicon dioxide (SiO,).
(1 mark) KA1

(g) State whether silicon atoms or oxygen atoms contribute more mass to the overall mass of silicon dioxide.

...................................................................................................................................................................... (1 mark) KA1
2. Solid sodium fluoride can be recovered from a solution of sodium fluoride in water using the apparatus shown
below.
N J
(@) State the name of the separation technigue shown.
...................................................................................................................................................................... (1 mark) KA1
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3. Kettles intended for home use often use copper for their electrical wiring, nichrome for the heating element,
and plastic for the handle.

(@) Identify the block on the periodic table that copper belongs to.
(1 mark) KA1

(1 mark) KA1

(2 marks) KA1
(d) State the property or properties of nichrome that make it suitable for use as a heating element.

(2 marks) KA1
(e) Explain what would occur if the electrical wiring in the cord was also made from nichrome.

(2 marks) KA2

4. Quantum dots (QDs) are particles of semiconducting material only a few nanometres in size. Similar to organic
light-emitting diodes in OLED displays, they are used in QDLED displays to produce red, green, and blue light
within each pixel.

Compared to OLED displays, QDLED displays can be brighter and show a wider variety of colours. QDLEDs
can also produce thinner displays with increased physical flexibility.

(@ Explain why QDs are considered a nanomaterial.
(1 mark) KA1
(b) Describe the benefits to consumers of using QDLED displays, rather than older technologies.

(2 marks) KA3

Quantum dots can be made from a variety of compounds, including cadmium selenide. Selenium (atomic
number 34) has five stable isotopes: "“Se, 6Se, "’Se, "®Se, and °Se.

(c) Using selenium as an example, define the term ‘isotope’.

(2 marks) KA4

(d) Selenium has a relative atomic mass of 78.97. Explain why the relative atomic mass is not a whole number.
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5.

In 1868, helium was discovered in the atmosphere of the Sun using absorption spectroscopy. A dark line was
found in the yellow part of the visible spectrum, corresponding to a wavelength of 587.5 nanometres. Helium
was not detected on Earth until 1881.

(@) Draw and label a diagram of an atom of helium-2.

(3 marks) KA4
(b) Classify helium as a metal, non-metal, or metalloid.
(1 mark) KA1
(c) Describe the process of atomic absorption that produced the dark line.

(2 marks) KA2

Neon lights operate by passing a high-voltage electrical current through a gas such as neon, exciting electrons
in the neon atoms and causing atomic emission of light. Pure neon produces a reddish-orange colour;
different colours of light are achieved by doping the neon with other elemental gases, and by using coloured
glass in the construction of the tube.

(@) State the main-shell electron configuration of neon.

(1 mark) KA1
(b) State the subshell electron configuration of neon.

(1 mark) KA1
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(d) One potential electron configuration of excited neon is 1s522s22p®4p'. Explain how this electron
configuration differs to the configuration of ground-state neon.

(2 marks) KA1

7. Depending on geographical location, each litre of seawater contains about 3.50 g of sodium chloride (NaCl).

(@) Calculate the relative formula mass of one formula unit of sodium chloride.

(1 mark) KA1
(b) Calculate the molar mass of sodium chloride.

(1 mark) KA1
(c) Calculate the number of moles of sodium chloride in 1 L of seawater.

(1 mark) KA1
(d) Calculate the number of sodium ions in 1 L of seawater.

(1 mark) KA2
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Topic 2: Combining Atoms

2.1: Types of materials
Science understanding

Materials can be classified according to their structure and bonding into four types of substances.
© Copyright SACE 2022

The formation of all solid materials results from intramolecular forces that form between atoms or ions on a
microscopic level. The classes of intramolecular forces are metallic, ionic, covalent (molecular or continuous).
Intramolecular forces are often referred to as primary bonds.

Intramolecular Force Element Type Formed

Metallic Metallic Between positive metal cations and surrounded
mobile sea of ‘delocalised’ electrons

lonic Metallic and Non-Metallic Electrostatic attraction between a positive cation, and
negative anion.

Covalent Non-Metallic and Non-Metallic | Sharing of a pair of electrons between two atoms.

Table 2.01: Summary of intramolecular forces
Further detail about the formation of these bonds will be explored in Topic 2.2.

Solid materials are grouped into four types of substances: metals, ionic compounds, covalent molecules and
covalent networks. Covalent molecules and covalent networks are both held together by covalent bonds, but
are regarded as two distinct groups based on their unique and characteristic structures and properties.

Metallic solids such as magnesium, tin and copper are formed by the interaction of metal atoms. The regular
lattice structure of metals is formed from the uniform distribution of atomic nuclei of metallic elements and a “sea”
of delocalised valence electrons.

Figure 2.01: Metallic solids

lonic solids such as sodium chloride and nickel oxide, are composed of interacting atoms of metallic and non-
metallic elements. The geometrical structure of the ionic lattice results from the electrostatic attraction between
positive cations and negative anions, which interact in a fixed ratio.

, ?',"-" .

Figure 2.02: lonic solid

Covalent molecular solids such as sucrose and iodine, are composed of discrete molecules which interact to
form a solid material. Covalent bonding occurs when non-metallic atoms share valence electron pairs.
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Figure 2.03: Covalent molecular solid: sucrose

Covalent network solids such as graphite and diamond, are composed of interacting atoms of non-metallic
elements. The network lattice results from each atom forming covalent bonds with the nearest neighbouring atom

at each valence electron site.
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Figure 2.04: Covalent network solids: diamond, graphite and sand

Science understanding

Melting points can be used to classify materials into molecular and non-molecular lattices.
© Copyright SACE 2022

Melting Point

All materials have a characteristic melting point dependent on the strength of attraction between the particles
present. The melting point is the temperature at which the solid material melts to become a liquid.

For solid materials, particles are tightly packed together in an orderly arrangement. The motion of individual atoms
is restricted to vibrational motion around a fixed point. When heat energy is applied to a solid, the particles vibrate
more rapidly. As this vibration increases, the organisation of the particles is disrupted, and the solid structure
begins to break, resulting in the material starting to melt.

Heat Heat

Figure 2.05: Transition from solid to liquid

For a solid to melt, the disruptive vibrations must exceed the degree of attractive intramolecular (between atoms)
or intermolecular (between molecules) forces operating within the solid. Intramolecular bonding will be explored
through this chapter, and intermolecular bonding will be covered later in Topic 3. Table 2.02 summarises the
melting points of the different classes of solid materials.
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Bonding Type Particles Bonding Strength Example Melting Point (°C)

Covalent network Electronegative atoms Very High C (diamond) 3500
SiO, 1600
Metallic Electropositive atoms High Ag 1064
Al 660

lonic lons Moderate-High NaCl 801
KF 857

Covalent molecular | Molecules Low l, 114
CCl, -23

Table 2.02: Melting Points of Solids
Science understanding

Electrical conductivity of non-molecular materials provides evidence for three types of primary bonding: metallic,
ionic, and covalent.

© Copyright SACE 2022
Electrical conductivity is a physical property that can be used to classify the intramolecular force present in
a material. Electrical conductivity is the measure of the ease at which an electric charge can pass through a
material. It involves the flow, or ‘current’, of free electrons or ions through a solid, molten or aqueous medium.

Delocalised electrons within a metallic lattice allow the flow of charge. In a similar way, ions in molten ionic liquids
Or aqueous ionic solutions can carry charge.

Figure 2.06: Electrical conductivity in metals

When ionic materials are in solid form, ions are locked into fixed positions. Without the presence of mobile ions,
the material cannot carry charge. For this reason, covalent molecular solids and covalent network solids generally
do not exhibit electrical conductivity, either in pure form or when dissolved in water.

Graphite, a covalent network lattice, is an exception; its layered structure includes some delocalised electrons
between the layers. These electrons allow the movement of charge through the material, resulting in a material
of excellent conductivity. Electrical conductivity based on a material’s intramolecular bonding is summarised in

Table 2.03.
. Conductivity
Bonding - -
Solid Molten Aqueous Solution

Covalent network No* No -

Metallic Yes Yes -

lonic No Yes Yes
Covalent molecular No No No

Table 2.03: Electrical Conductivity of Materials
*Yes, in rare substances with delocalised electrons (i.e., graphite)

This physical property is explained further in Subtopic 2.2.
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2.2: Bonding between atoms
Science understanding

The formation of bonds between atoms results in stable valence-shell configurations.
© Copyright SACE 2022

Octet Rule

Many atoms adhere to the octet rule, exhibiting a preference to attain eight valence shell electrons. This stable
arrangement is either comprised of the atom’s own electrons, electrons that are donated by another atom, or
electrons shared with another atom. An atom will usually continue to form bonds until an octet of valence electrons
is achieved. Group VIII elements (noble gases) possess a complete octet in their atomic form and therefore are
described as non-reactive, rarely forming compounds. Noble gases are the only group of elements to have atoms
with a full octet and zero charge when unbonded.

Figure 2.07: Group VIl elements fulfil the octet rule

When valence electrons of atoms interact, the atom’s electron configuration changes. Metals release electrons
when metallic bonds form, resulting in delocalised electrons and positively charged ions, known as cations.
Figure 2.08 shows the formation of a lithium cation when it releases one electron to have a complete valence shell.

- -
Li 9 = Lit
=4 v

Figure 2.08: Formation of a lithium ion

Negatively charged ions, known as anions, form when non-metals gain electrons. Figure 2.09 depicts the formation
of a fluoride anion when it gains one electron to complete its octet.
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Figure 2.09: Formation of a fluoride ion

The group number of an element indicates the number of valence electrons that will participate in chemical
reactions. From this, the number of bonds an atom will form can be determined; this is called the element’s
valency. It also indicates the magnitude of the charge of ion that will form if the atom releases or gains electrons
to complete the valence shell occupancy.
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Group Number Number of Valence Electrons Charge of ion formed Electrons
| 1 1+ Lost
Il 2 2+ Lost
Il 3 3+ Lost
\Y, 4 NA NA
\ 5 3- Gained
Vi 6 2- Gained
VI 7 1- Gained
VIl 8 NA NA
Table 2.04: Valence electrons and charge of ions by group.
.Questions
1. Group 1 metals such as potassium are highly reactive, requiring great care when being handled. They need
to be stored under oil to avoid the metal coming into contact with moisture in the atmosphere.
(@) State the valency of potassium.
(1 mark) KA2
(b) Describe the formation of the potassium ion.
........................................ (2 marks) KA1
(c) Write the formula of the potassium ion.
(1 mark) KA2
2. Atom X has an electron configuration of 1s?2s22p*.
(@) State the number of electrons in Atom X’s valence shell.
(1 mark) KA2
(b) State the name of this atom.
(1 mark) KA2
(c) State the group number of this atom.
(1 mark) KA2

(d) When Atom X becomes an ion, its formula is X?-. Describe the formation of this ion.

(2 marks) KA1

(2 marks) KA1
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Science understanding

Bond Formation

A bond is formed when atoms combine to complete valence shells and stabilise their electron configurations.
Bond formation involves the release of energy. This released energy usually takes the form of heat, resulting in a
negative enthalpy change. The stored chemical energy, or heat content of the system, is referred to as enthalpy.
Enthalpy change is explained in further detail in Topic 4.4.

Bond formation always releases energy. However, energy is required to rearrange bonds and can only occur
when reactants possess energy equal to or greater than that of the activation energy. Activation energy is the
minimum amount of energy that must be provided to compounds to result in a chemical reaction. The activation
energy (E,) of a reaction is measured in joules per mole (J/mol).

It is important to consider that when chemical reactions reaction take place, two separate steps are involved. The
bonds of the reactants must first be broken, a process that requires energy. When new species are produced as
a result of a reaction, the formation of these new bonds releases energy. The new arrangement of bonds does not
have the same total energy as the bonds in the reactants.

Exothermic and Endothermic Reactions

In instances where the energy released when forming bonds of new products is less than the energy required to
break bonds in reactant particles, the energy of the products will be higher than that of the reactants. The reaction
is deemed endothermic, having absorbed energy from its surroundings. This relationship can be summarised
using an energy profile diagram. An energy profile is a diagram that depicts the change in chemical potential
energy (enthalpy), referred to as the energy pathway as the reaction proceeds from reactants to product.
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Endothermic Reaction
Figure 2.10: Energy profile diagram for an endothermic reaction.
When metals release electrons, the process is endothermic as energy is needed to remove the electron from the atom.
Na - Na*+ e AH = +496 kJ/mol

For exothermic reactions, a greater quantity of energy is released when forming new bonds than what is absorbed
to break the bonds of the reactants. Therefore, the enthalpy of the products is lower than that of the reactants.
The energetic pathway for an exothermic reaction is shown in the energy profile diagram in Figure 2.11 below.
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Figure 2.11: Energy profile diagram for an exothermic reaction.

55

© Essentials Education



STAGE 1 CHEMISTRY TOPIC 2: COMBINING ATOMS

Non-metals can gain electrons when combining with other atoms resulting in a release of energy as the atom
completes its octet electron configuration. Gaining an electron is an exothermic process.

Cl+e - ClF  AH =-349 kJ/mol

-Questions

3. Fluorine is critical for the production of nuclear material for power plants and for the insulation of electric
towers. As a non-metallic element, fluorine gains an electron to attain octet stability.

F+e>F AH = -328 kd/mol

(@ The process of fluorine gaining an electron is an exothermic process. Explain this statement, referring to
the equation above.

.................... (2 marks) KA1

Fluorine can react with hydrogen to produce hydrogen fluoride, or hydrofluoric acid via the following
reaction:

F,+H, - 2HF AH=-271 kJ/mol

Depict the energy changes of the reactants to the products by drawing an energy profile diagram. State
if the reaction is exothermic or endothermic and justify the response.

(c) Describe what is meant by the term activation energy. Use the reaction of fluorine and hydrogen to assist
with this explanation.
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Science understanding

Metallic bonding is the force of attraction between metal cations and their delocalised valence electrons.
© Copyright SACE 2022

Metals

Metal materials are composed of bonded atoms from one or more metallic elements arranged in an orderly
manner. Due to their useful set of properties, metals are valuable materials. Metals are hard, malleable, ductile,
lustrous, have high melting and boiling points and are both electrical and thermal conductors. Non-metallic
elements can be incorporated into metal materials in trace amounts, resulting in the formation of an alloy. Alloys
have preferential properties over their base metal constituent.

& Science as a human endeavour:

Advanced metal alloys

Advanced metal alloys have a vast array of applications in modern society, from construction materials
to satellites. Creating new alloys with specific properties for intended purposes has been limited by
researcher’s understanding of what happens at the boundaries between the tiny crystalline grains within
the metal’s structure.

When metals are combined, the atoms of the secondary element may collect along these grain boundaries
or spread out through the lattice. The alloy’s properties are largely determined by the behaviour of these
atoms.

Researchers at MIT have collaborated to develop a way to predict these properties using computer
simulations and a machine-learning process. Such technology may facilitate the development of a wide
variety of new applications for alloys in the future.

Metallic Bonding

Metals account for about three quarters of the 118 known elements on the periodic table, totalling 91 of the
currently discovered elements. They are often valuable materials due to their properties and make up approximately
24% of the total mass of the planet.

Figure 2.12: Structure of a metallic solid

Metallic bonds result in a formed material that is comprised of a tightly packed, dense and 3D regular lattice.

Figure 2.13: 3D metallic lattice
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The atomic radii of elements increase down a period and from the right to left across a period. From exploration
of this periodic trend, it can be concluded that metallic atoms have atomic radii greater than non-metallic elements
of the same period.

Group

"I H He
I Li |Be B/ C|N|O| F |Ne
°INaMg Al |Si|P|S |CIl|Ar

Period
N

K |Ca|Sc| Ti|V |CrMn|Fe |Co|Ni |Cu|Zn|Ga|Ge|As|Se| Br|Kr
°I{Bb| Sr | Y | Zr|NbMo|Tc |Ru|Rh|Pd|Ag |Cd|In |Sn|Sb|Te| | |Xe
*|{Cs|Ba Hf | Ta| W |Re|Os| Ir |Pt |Au|Hg| Tl |Pb| Bi |Po| At|Rn
"IFr |Ra Rf Db |Sg|Bh|Hs Mt |Ds |Rg|Cn|Nh| FI [Mc|Lv | Ts|Og

Increase in radius
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Figure 2.14: Trends in atomic radii

For atoms, this means that the negatively charged valence electrons are a further distance from the positively
charged nuclei, resulting in a weaker attraction. These electrons are more easily lost in chemical reactions due to
this weaker association.

The valence electrons of each metallic atom are shared by more than one neighbouring atom. When atoms come
together, the electrons in the valence shell shares space with the corresponding electrons of the neighbouring
atom. The valence shells of these adjacent atoms overlap, allowing electrons to move freely within these valence
shells, detached from the electron’s original atom. These electrons are referred to as delocalised electrons.

The metal atoms are held together by a “sea” of delocalised electrons. This results in a lattice of positive metal ions
that the delocalised electrons move through. Although the positive nuclei repel each other, strong electrostatic
attractions between the positive metal ions and delocalised electrons hold the metallic lattice together. The lattice
is formed in layers and this model of metallic bonding explains the unique physical properties of metals.
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Figure 2.15: Positive nuclei and the “sea” of delocalised electrons
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Science as a human endeavour:

Metals in medicine

Metals have had therapeutic applications throughout history. Written accounts date back to 1500BC
detailing the use of copper to assist with inflammation and iron in the treatment of anaemia.

Modern developments have seen the application of metal complexes to treat cancer by direct interaction
with the cancerous cell’'s DNA. The positive charge on metal cations can interact with the negative charge
of the phosphate backbone of DNA. This interaction can result in oxidative damage to the DNA preventing
further replication. Such agents encompass metallodrugs in which a metal complex is itself the active
agent.

The relationship between metals and biological molecules provides infinite opportunities that are the subject
of much research and development.
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-Questions

4. Titanium, a transition metal has many uses including the construction of replacement hip sockets.

(@) Describe how titanium atoms interact to form a metallic solid.

(b)

(2 marks) KA1

(c) Inreference to atomic radius, predict if the metallic bonding present in titanium would be stronger than
the bonding present in zinc.

The physical properties of metallic elements can be explained using the model for metallic bonding.
Explain the melting and boiling points, and electrical conductivities of metallic elements.
© Copyright SACE 2022

Physical properties are properties of a material that can be observed or measured without changing the
composition of the material.

Hardness

Hardness is a material’s ability to resist deformation or compression. It is commonly determined by tests which
measures a material’'s resistance to indentation.

Figure 2.16: Hardness of a metallic solid

Metals are hard materials, as the strong electrostatic forces of attraction between the positively charged nuclei
and the “sea” of delocalised electrons hold the metallic lattice together. The atoms within a metallic solid are
arranged in layers. The delocalised electrons within the structure create significant electron pressure. To compress
them, pressures greater than this internal electron pressure are required. When a force is applied to compress the
material, these layers may slide over one another. The harder the metal, the greater the force required to alter this
structure.
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.Example

Alloy strength

In an alloy the atoms in the lattice structure are of different sizes. The difference in atomic size distorts the regular
lattice structure. This results in alloys requiring a greater quantity of force to allow the layers to slide over one
another, therefore alloys are often harder than the pure metals they are comprised of.

Figure 2.17: Lattice structure of a metal alloy

Malleability

Closely connected to the property of hardness is malleability. Malleability is a measure of a material’s ability to
withstand compressive stress, taking on a new shape without breakage. When a force is applied the positively
charged nuclei are forced to slide over one another, however are held together by the electrostatic attraction
between them and the delocalised electrons.
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Figure 2.18: Malleability of a metal

The degree of deformation is dependent on the malleability of the material and the intensity of the force applied.
The deformity may be temporary when a relatively small stress is applied to the material, or permanent where the
atoms roll over each other into new positions. The strong intramolecular forces that hold them together remain
unbroken. The malleability of a metallic lattice can be enhanced by heating the material.

Ductility

Ductility is a material’s ability to resist tensile stress, a force which pulls a material in two opposing directions.
Metals are ductile, which means they can withstand high tensile stress to be drawn into wires. When such stress
is applied the attraction between positively charged nuclei and delocalised electrons are stretched but not broken
due to their strong association.
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Electrical Conductivity

Electrical conductivity is the measure of the ease at which an electric charge can pass through a material. Metals
are electrical conductors as they have charged particles that are free to move. Delocalised electrons will move
towards a positive electrode and away from a negative electrode in an electric circuit.

o - b
(-]
° °
° e ©

ow K G

-+

Figure 2.19: Electrical conductivity in metals (atomic level)

.Example

Silver

Silver has the greatest electrical conductivity, with all other metals having their conductivity measured relative to
that of silver. Due to this property, silver is often utilised as a component in electrical circuits and contacts.

Thermal Conductivity

Thermal conductivity refers to the transfer of heat through a material. Metals have high thermal conductivity. As
heat energy is applied to a material the free delocalised electrons vibrate more rapidly, causing a greater number
of spontaneous collisions. This transmits energy throughout the material distributing the heat rapidly.

—
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Figure 2.20: Thermal conductivity in metals

Density

Density describes the quantity of mass in a given volume. Metallic lattices result from the electrostatic attraction
between delocalised electrons and positively charged nuclei, which are usually closely packed together. This
results in different metals having a high, but varied density. The density of a metal depends on the mass of the
metal ions, their radius and the way they are arranged in the lattice.

Figure 2.21: Cation “packing” in a metal lattice
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Lustre

Lustre describes the reflective appearance of a material. Metals are lustrous materials. When light falls on the metal
surface, photons of light are absorbed by the delocalised electrons. These electrons move from one energy level
to a higher energy level. As the electron again drops back to a lower energy level, it emits energy in the form of
photons. This movement of electrons between energy levels, causes electrons to vibrate at the atomic level. The
wavelength of energy emitted, or reflected by the electrons results in a lustrous appearance. Different metals emit
different wavelengths of energy.

Melting point ‘

Melting point is the temperature at which the solid melts to become a
liquid. The melting point of a solid is dependent on the strength of the
bonding present. For metallic solids, strong electrostatic forces of attraction
between positively charged nuclei and the “sea” of delocalised electrons
hold the metallic lattice together. This explains the high melting points
exhibited by metallic materials. When metallic bonds are provided with
sufficient energy the cations will separate resulting in a molten compound.

Like density, the melting points of metals are high but varied. The strength
of intramolecular forces is dependent on both the magnitude of charge and
atomic radius of the metal cation involved. Metals with a greater charge
density will have a higher melting point due to the greater electrostatic
attraction between each positively charged nuclei and delocalised
electrons. Metals of smaller atomic radius will have greater melting points
as the positive nuclei are in closer proximity to the delocalised electrons,
increasing the strength of electrostatic attraction.

Figure 2.22: Melting point of metals
-Exam ple J gp

Magnesium has a melting point of 650°C, Aluminium has a slightly higher melting point of 660°C. Use the metallic
bonding model to explain this slight difference.

Aluminium is a group Il metal, possessing a 3+ cation when bonding. This is a greater charge magnitude than
that of magnesium, a group Il metal which produces a 2+ cation. The aluminium cation has greater electrostatic
attraction for delocalised electrons increasing the amount of energy required to overcome the attraction to melt it.

Atomic radii increases moving from right to left across a period, therefore magnesium has a greater atomic radius
than aluminium. This increases the distance of the positively charged nuclei from the delocalised electrons. This
decreases the strength of the electrostatic attraction formed, decreasing the melting point for magnesium in
comparison to aluminium.

Boiling point

The boiling point of a material is the temperature and pressure at which a liquid changes phase to a gas. As with
melting points, the high boiling point of metallic materials is attributed to the strength of the electrostatic attraction
between the positively charged nuclei and the “sea” of delocalised electrons.

-Questions

5. Barium is a metallic element in group 2 of the periodic table. It has a melting point of 850°C and conducts
electricity in solid state.

(@) Describe the forces that hold the barium metallic lattice together.
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(b) Describe how barium’s high melting point can be explained in reference to its structure.

(2 marks) KA1

(c) Barium can also be flattened under compressive force. State the property that describes its ability to be
deformed under pressure.

(1 mark) KA2

(d) Electrical conductivity is the measure of the ease with which an electric charge can pass through a
material. In reference to barium’s structure explain its conductivity.

(2 marks) KA1

(e) Bariumis often used in spark plug electrodes. State two physical properties that make it suitable for this use.

(2 marks) KA2

()  Aluminium is a group Ill metal. The bonding present in the aluminium lattice is represented below:

Identify the attractive force labelled in the diagram above.
(1 mark) KA2

(@ Compare the atomic structure of the barium and aluminium to predict which metal has the higher melting point.

........................................................................................................................................ (3 marks) KA1

Graphite is a non-metallic substance that can be lustrous and conducts electricity and heat. It is not malleable,
breaking when a force is applied.

(@) Identify the properties graphite shares with metals.

........................................................................................................................................ (2 marks) KA2

(b) Describe the inferences that can be made about the structure of graphite based on the properties it has
in common with metals.
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Science understanding

Valence electrons are transferred from a metallic atom to a non-metallic atom to form ions.
© Copyright SACE 2022

lons

Unbonded atoms are electrically neutral, containing an equal number of positively charged protons, and negatively
charged electrons. Though neutral, atoms are unstable (with the exception of the Group VIII noble gases),
possessing incomplete valence shells. To obtain their octet electron configuration and complete valence shell
occupancy, atoms release or gain electrons. lons are the charged particles that form through the gain or release
of electrons.

Cations

Cations are positively charged ions that are formed when metallic atoms release valence electrons to non-metallic
atoms. Energy is required to release an electron due to the attraction between the electron and positive nucleus.
The minimum amount of energy required for this process is termed the ionisation energy. lonisation energy
varies for each element and demonstrates periodicity, increasing across a period and decreasing down a group.
Metal atoms typically have relatively low ionisation energies.

When energy equal to the ionisation energy is available, electrons are lost. Because electrons are negatively
charged, the metal atom gains an overall positive charge equal in magnitude to the number of electrons that are
lost. This results in a positively charged particle.

- ~
Li v Li
Lithium atom ( Li) Lithiumm cation ( Li* )

Figure 2.23: Removal of an electron from a lithium atom
This cation formation can also be expressed via an equation:
Li - Li* + e
The magnitude of ionisation energy required increases for each subsequent electron lost.

The number of electrons lost is determined by the atom’s group number. Atoms in group Illl have high ionisation
energies and thus are unlikely to release or gain electrons to form ions. Recall that an atom’s group number
indicates the number of valence electrons.

Group Number Number of Valence Electrons Charge of cation formed
| 1 1+
Il 2 2+
1l 3 3+
1l 4 Share electrons

Table 2.06: Formation of cations

To write the symbol of a cation, the element symbol is first recorded, followed by the charge in superscript. Cations
are named according to their parental atom.

Parental Atom Cation Symbol Cation name

Sodium Na* sodium cation
Magnesium Mgz magnesium cation
Aluminium Al aluminium cation

Table 2.07: Cation symbol and naming conventions
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Anions

Anions are negatively charged ions that are formed when non-metallic atoms gain electrons. Non-metallic atoms
gain electrons as they typically have high ionisation energies. This means it is difficult to release their valence
electrons. Noble gases have the highest ionisation energies, thus under normal conditions these atoms do not
form ions. Non-metallic atoms have high electron affinity, therefore preference gaining electrons to complete their
octet. When electrons are gained, negative charge equal in magnitude to the number of electrons is gained. This
results in a negatively charged particle.
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Figure 2.24: Fluoride anion formation
This anion formation can also be expressed via an equation:
F+e>F

Anion formation also requires energy as the incoming electron must overcome the repulsion encountered
between it and the existing valence electrons. Repulsion is experienced as particles with the same charge repel.
If sufficient energy for the incoming electron is present, the electron successfully enters the valence shell, and a
negative charge is acquired by the atom.

The number of electrons a non-metal will gain is predicted by the atom’s group number. The difference between
the octet and the group number indicates the numiber of electrons that will be gained.

Group Number | Number of Valence Electrons |[Number of Electrons Gained | Charge of cation formed
Vv 5 3 3-
VI 6 2 2-
VI 7 1 1-
VI 8 - Do not form ions

Table 2.08: Formation of anions

To write the symbol of an anion, the element symbol is first recorded, followed by the charge in superscript. Anions
are named according to their parental atom, however the elemental suffix is removed and replaced with “ide”.

Parental Atom Cation Symbol Cation name
Fluorine F fluoride anion
Oxygen o> oxide anion
Nitrogen N& nitride anion

Table 2.09: Anion symbol and naming conventions

.Questions

7. The ion that an atom will form can be determined from the periodic table. Use the periodic table below to
answer questions about elements U-Z.
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(@)

Write the formula of the ions formed by:

Atom Formula and charge
\
X
4

(3 marks) KA4

Classify the nature of the ion formed by the following atoms:

Atom Anion / Cation
U
X
Y

(3 marks) KA4

Write a “T” in the periodic table to represent an atom that will form a T~ ion (an anion with an overall
charge of 1-).

(1 marks) KA2

Explain how cations acquire an overall positive charge.

(2 marks) KA1

Atom “W” has electron configuration 1s22s22p°

() Complete the electron configuration for the following atoms:

Atom Electron Configuration
\Y
X

(4 marks) KA4

(i) Explain the similarity in electron configuration between “W” and the electron configurations formed
when V and X become ions.

(3 marks) KA1
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Science understanding

lonic Bonding

Metallic atoms tend to release electrons to non-metallic elements to form positively charged cations. Non-metallic
atoms gain electrons from metallic atoms to form negatively charged anions. This transfer results in ions of
opposing attractive electrical charges. Electrostatic attraction occurs between the two ions, releasing energy in
the process, forming an ionic bond. This is a two-step process: ions are formed through the exchange of valence
electrons, and then ionic bonds are the result of the electrostatic attraction. lonic bonds facilitate the formation of
ionic compounds.

Electrostatic attraction causes the cations and anions produced to form a lattice in which many ions are
closely packed, arranged so that the cation-anion attraction is maximised, and the anion-anion or cation-cation
repulsion is minimised. The strength of ionic attraction increases based on the degree of difference in the atoms’
electronegativity, and the magnitude of charge of each ion. lonic compounds are commonly referred to as salts.

-Example

Sodium chloride is an ionic compound, specifically an ionic lattice. It is a solid which is formed from the interaction
of a cation and an anion. With sufficient energy (equal or greater to the ionisation energy of sodium), an atom
of sodium can release its valence electron resulting in the formation of the sodium cation (Na*). This electron is
accepted by chlorine, overcoming the repulsion resistance of its valence electrons to form the chloride anion (CI).
This can be depicted in an electron transfer diagram as shown below in Figure 2.25.

w
-
| Na T — Cl
v
J
7

Figure 2.25: Transfer of electron from sodium to chlorine

An ionic bond forms between the sodium cation and chloride anion due to the electrostatic attraction between the
oppositely charged ions. The ionic compound sodium chloride is formed.

Na* + CI- - NaCl
o

o

ionic -

bond

Na* =y | Cl 1650
-0
Sodium cation Chloride anion

Figure 2.26: lonic bond between sodium and chloride ions
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.Example

Magnesium chloride is an ionic compound formed by the interaction of magnesium cations (Mg?*) and chloride
anions (CI). In this example there is a difference in charge magnitude of the cation and anion. Each chlorine atom
can only accept one electron from the magnesium atom. As magnesium is a group |l metal, it has two valence
electrons to release. In these instances, one electron is transferred to one of two chlorine atoms.

2+

Figure 2.27: Formation of a magnesium ion and chloride ions
For each magnesium cation, two chloride anions are required to form magnesium chloride.
Mg?* + CI- > MgCl,

Naming lonic Compounds

lonic compounds are named systematically.

1. The cation is first identified and named.

2. The anion is then identified and named, ensuring the suffix is replaced with “ide”.

This process was outlined in the examples above for both sodium chloride and magnesium chloride. Further
examples are outlined in the Table 2.10.

Cation Anion lonic Compound
Lithium Oxygen Lithium oxide
Potassium Bromine Potassium bromide
Copper Chlorine Copper chloride
Iron Sulfur Iron sulfide
Mercury Oxygen Mercury oxide
Silver lodine Silver iodide

Table 2.10: Examples of lonic compounds
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Water Fluoridation

The mineral fluoride occurs naturally on earth and is released from rocks into the soil, water, and air. Over
the course of the 20" century, much research has positively correlated fluoride with the prevention of
tooth decay. All water contains some fluoride though at concentrations not sufficient to provide safe guard
against tooth decay. Water fluoridation has been introduced in 24 countries worldwide, including Australia
as a public health strategy to reduce the prevalence of tooth decay.

The fluoride ionic compounds used to fluoridate water are derived from a mineral rock called fluorapatite
(Ca,(PO,),F). There are three fluoride-releasing ionic compounds recommended in the Australian Drinking
Water Guidelines for use in fluoridating water. These recommended fluoridating compounds are sodium
fluoride (NaF), sodium fluorosilicate (Na,SiF,) and fluorosilicic acid (H,SiF)).

-Questions

8. Many everyday substances are ionic compounds.

(@) The table below outlines combinations of cations and anions which react to form common ionic
substances. Use this information to name the ionic compound.

Everyday Substance Cation Anion lonic Compound
Table Salt Sodium Chlorine
Bath Salt Magnesium Chlorine
Rust Iron Oxygen
Toothpaste ingredient Sodium Fluorine
Rock Salt Calcium Chlorine

(5 marks) KA4

(b) Describe the formation of the ionic bond between the cation and anion in rock salt.

(3 marks) KA1

(c) Rock salt which has the formula CaCl, compared to table salt which has the formula NaCl. Explain the
difference in the number of chlorine atoms required.

(d) Draw a diagram to depict the electrostatic attraction between the cation and anion present in the
common toothpaste ingredient.

(3 marks) KA4
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Science understanding

The geometrical structure of the ionic lattice is formed from the repeating electrostatic attraction between positive
cations and negative anions. This results in the formation of solid ionic salts.

CI™ =Na's ClI” #Na*

Na‘s Cl|~ =Na‘= C|”

T o

Cl- Na’= Cl- =Na’ e electrostatic forcas
T + ¥ + of attraction

Na‘*s C|™ ==Na‘'= CI”

Figure 2.28: 2D model for ionic bonding

The ions are arranged so that the cation to anion attraction is maximised and the anion to anion, or cation to cation
repulsion is minimised.

- - -» _ Cl’
Na'

Figure 2.29: lonic bonds between ions

Anions and cations ionically bond in a ratio to allow the formation of electrically neutral compounds. The total
number of negative charges, must equal the total number of positive charges. To form sodium chloride, only one
chloride anion is needed for each sodium cation. In contrast, two chloride anions are needed for each magnesium
cation to account for the difference in charge magnitude.

Na* + ClI- > NaCl
Mg+ + CI- —» MgCl,

This principle is the basis for understanding the process of writing empirical formulae for ionic compounds.
Empirical formulae are the simplest ratio of elements in a compound, as ionic compounds do not form discrete
units like molecules. Specifically, for an ionic compound it communicates the simplest ratio of ions. The subscript
indicates the number of atoms needed of each ion to balance the charge.

The following procedure is followed to determine the empirical formulae for ionic compounds.

Identify the charges on the cation and anion.

If the charge magnitude of the
cation and anion are equal: If the charge of the anion and
write the symbol for the cation cation are not equal: identify the
first, followed by the anion. As ion with greatest charge
the ion charges are equal, the magnitude.
ratio is 1:1.

Determine the number of ions required to balance this
charge difference. This number becomes the subscript
for the species of lower charge magnitude.

Write the cation, followed by the anion with the
correct subscript which represents the ratio of ions.
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.Example

1:1 Ratio - Potassium iodide

TOPIC 2

Identify the charges on the cation and anion. K+ I
When charges are equal, write the formula write the cation followed by the anion. Ki

The empirical formula for potassium iodide is K.

1:2 Ratio - Lithium sulfide

Identify the charges on the cation and anion. Li*, S*
When the charges are not equal, identify the ion with the greatest charge. S
Determine the number of ions required to balance this charge difference. 2 x Lit
This becomes the subscript for this species. Li,
Write the cation, followed by the anion with the correct subscript. Li,S
The empirical formula for lithium sulphide is Li,S.

1:3 Ratio — Aluminium chloride

Identify the charges on the cation and anion. AR+, CI-
When the charges are not equal, identify the ion with the greatest charge. Als+
Determine the number of ions required to balance this charge difference. 3 x CI
This becomes the subscript for this species. Cl,
Write the cation, followed by the anion with the correct subscript. AICI,
The empirical formula for aluminium chloride is AICI,

2:3 Ratio — Aluminium oxide

Identify the charges on the cation and anion. Al Oz
When the charges are not equal, identify the ion with the greatest charge. AR*
Determine the lowest common multiple (LCM) for both ion charges. Multiply the charge for each | LCM is 6
species by the value required to equal the LCM. 5 % AP

3 x 0%

This becomes the subscript for this species. Al,: O,
Write the cation, followed by the anion with the correct subscript. AlLO,

The empirical formula for aluminium oxide is Al,O,.

Oxidation States - Transition Metals

The total number of electrons that an atom either gains or releases in order to form a chemical bond with another
atom is represented using the atom’s oxidation state. Oxidation states are further explained in topic 6. Many
transition metals can possess multiple oxidation states. As the transition metals have several electrons with
similar ionisation energies, different conditions will result in the release of one or more electrons. For these elements,
the oxidation state or number of electrons released is represented by Roman numerals placed within a bracket.
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.Example

1:1 Ratio - Iron(ll) oxide

Identify the charges on the cation and anion. Fe?r, 0%

When the charges are not equal, write the cation, followed by the anion with the correct subscript. | FeO

The empirical formula for iron(ll) oxide is FeO.
2:3 Ratio - Iron(lll) oxide

Identify the charges on the cation and anion. Fe*, O*

When the charges are not equal, identify the ion with the greatest charge. Fe3*

Determine the lowest common multiple (LCM) for both ion charges. Multiply the charge for each | LCM is 6

species by the value required to equal the LCM. 5 % Fei
3 x 0%

This becomes the subscript for this species. Fe, : O,

Write the cation, followed by the anion with the correct subscript. Fe,O,

The empirical formula for iron(lll) oxide is Fe,O,

Polyatomic ions

All the above ionic compounds are comprised of monoatomic ions. Monatomic ions are ions derived from one
atom. Polyatomic ions are those composed of more than one atom. Polyatomic ions arise when a covalent
molecule undergoes an electron exchange. Most polyatomic ions are negative resulting from the gain of electron(s),
with the ammonium (NH,*) and hydronium (H,O*) cations as notable exceptions.

Polyatomic lon Formula unit
hydroxide anion OH-
nitrate anion NO,
nitrite anion NO,
sulfate anion SO~
sulfite anion SO~
carbonate anion CO»
bicarbonate anion HCO,
phosphate anion PO,*
acetate anion CH,COO-
ammonium cation NH,*
hydronium cation H,O*

Table 2.11: Common Polyatomic ions and their formulae

Polyatomic ions behave as distinct units with an overall charge when determining their interaction with a positive
metal cation. To determine the formulae of an ionic compound containing a polyatomic ion the same process is
followed that is outlined above for monoatomic ions. A notable difference is when a subscript is applied to the
polyatomic ion in the ionic formula, the ion is enclosed with parenthesis “()”.
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.Example

1:1 Ratio — Copper(ll) carbonate

Identify the metal cation and its charge. Cu?
Identify the polyatomic ion and its charge. SO~
When charges are equal, write the formula write the cation followed by the anion. CuSO,

The empirical formula for copper sulfate is CuSO,

1:2 Ratio - Magnesium nitrate

Identify the metal cation and its charge. Mg?
Identify the polyatomic ion and its charge. NO,
When the charges are not equal, identify the ion with the greatest charge. Mg+
Determine the number of ions required to balance this charge difference. 2 x NO,

This becomes the subscript for this species. Remember the use of brackets if the subscript is

applied to the polyatomic ion. Mg - (NO,),
Write the cation, followed by the anion with the correct subscript. Mg(NO,),
The empirical formula for magnesium nitrate is Mg(NO,),

2:3 Ratio = Aluminium sulfate

Identify the metal cation and its charge. Als+
Identify the polyatomic ion and its charge. SO~
When the charges are not equal, identify the ion with the greatest charge. Al

Determine the lowest common multiple (LCM) for both ion charges. Multiply the charge for each | LCM is 6

species by the value required to equal the LCM. 2« AP+
3x80,”
This becomes the subscript for this species. Remember the use of brackets if the subscript is )
. T Al : (SO,
applied to the polyatomic ion. 2 43
Write the cation, followed by the anion with the correct subscript. Al(SO,),

The empirical formula for aluminium sulfate is Al(SO,),
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.Questions

9. Metals commonly release electrons and combine with non-metals (which accept the valence electrons) to
result in the formation of electrically neutral ionic compounds. The ratio of cation : anion required is used to
determine the empirical formula of the compound.

(@ Use this understanding to write the empirical formula of the following compounds:

lonic Compound Empirical Formula

sodium phosphide

aluminium sulphide

beryllium chloride

gallium nitride

calcium oxide

lithium bromide

magnesium fluoride

potassium phosphide

(8 marks) KA4

(b) Many transition metals can possess multiple oxidation states. For these elements, the oxidation state
or number of electrons lost is represented by Roman numerals placed within a bracket. Use this
understanding to write the empirical formula of the following compounds:

lonic Compound Empirical Formula
lead(ll) sulfide

copper(l) arsenide

iron(lll) oxide

iron(ll) bromide

mercury(ll) oxide

chromium(lll) chloride
tin(IV) chloride

iron(ll) sulfide

(8 marks) KA4

(¢)  Many ionic compounds contain polyatomic ions. Write the formula for the following polyatomic ionic compounds:

lonic Compound Empirical Formula

magnesium hydroxide

sodium nitrate

vanadium(V) phosphate

potassium sulfate

calcium nitrite

sodium bicarbonate

copper(l) carbonate

lead(ll) sulfite

beryllium acetate

ammonium hydroxide

(10 marks) KA4
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Science understanding

The properties of ionic compounds can be explained using the model for ionic bonding.
© Copyright SACE 2022

Hard and brittle solids

lonic compounds form a continuous 3D lattice from the electrostatic attraction between cations and anions. This
most commonly results in salts that are solids at room temperature.

A& Science as a human endeavour:
lonic Liquids

An ionic liquid is a salt in the liquid state. While liquids such as water are comprised of electrically neutral
molecules, ionic liquids are made predominantly of ions.

The biological activity of ionic liquids and their subsequent application in pharmaceuticals and medicine
has gained much momentum in the scientific community. They have been described as the basis of a quiet
revolution in material science.

There has been much documented development in this research area including the investigation of ionic
liquids as antibacterial and antifungal agents. During a time where there are strains of pathogens that are
resistant to many existing microbial agents the influence of this research may be significant for society.

The orderly arrangement of ions in the lattice gives rise to the various shapes of the naturally occurring ionic crystals.

A& Science as a human endeavour:
Transition Metals

Transition metals form the d block of the periodic table. They are versatile materials with applications in
diverse fields from medicine to construction and energy due to their desirable properties and multiple
oxidation states. lonic compounds including ions of transition metals often result in a brilliance of colour.
The colours arise when electrons within the metals in the compounds absorb light of a specific wavelength
and move to higher energy levels. Examples include azurite, a copper crystal, and cinnabar, a mercury
crystal as shown below in Figure 2.30.

Figure 2.30: Azurite — a copper crystal: Cu,(CO,),(OH), and Cinnabar — a mercury crystal: HgS

lonic compounds containing transition metals are extracted and isolated for extensive use in pigments in
paints and to colour glass, ceramics and enamel.

Within the lattice the opposing charges attract one another, forming strong ionic bonds. Likewise, the like charges
repel each other, maintaining the regular lattice. The result is a highly stable structure. The stability of the ionic
lattice gives them a high degree of hardness.

However, unlike metallic structures they are brittle compounds. Brittle materials fracture due to their low compressive
strength when subjected to mechanical stress. They have minimal ability to undergo elastic deformation. When
ionic compounds are exposed to compressive or mechanical stress, the layers of ions shift. This forces the ions
of like charges close to one another. The induced repulsion causes the solid to shatter across a smooth plane of
the material.
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Figure 2.31: Change in position of ions when mechanical stress is applied

Melting and boiling point

The melting point of an ionic solid is dependent on the strength of the bonding present. For ionic solids it is the
strong electrostatic forces of attraction, the ionic bonds between positive cations and negative anions, that hold
the ionic lattice together. Thus, ionic compounds are materials with high melting points. When ionic bonds are
exposed to sufficient heat energy the cations and anions will separate forming a molten ionic compound.

The strength of ionic attraction is increased when the ions contained in the lattice are of greater charge magnitude.
This results in a greater requirement of applied energy to separate them, increasing the compound’s melting point.
If heated to their melting point, the electrostatic attraction will be overcome resulting in the separation of cations
and anions into a liquid phase. The liquid formed is referred to as a molten ionic compound.
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Figure 2.32: lonic compounds in the solid (left) and molten or liquid (right) phase

Once the ionic lattice is molten and heat is continually applied, it eventually reaches a temperature at which the
vapour pressure is great enough to form bubbles inside the body of the liquid. When this boiling point of an ionic
compound is reached the anions and cations separate further forming a gas.

Electrical conductivity

Electrical conductivity is the measure of the ease of which an electric charge can pass through a material. Solid
ionic compounds do not conduct electricity as the ions are in fixed positions and therefore cannot carry charge.
All ionic compounds are electrolytes, compounds which produce ions when dissolved into an aqueous solution
with water (if soluble) or when molten. Solubility of compounds is explored in Topic 4. Thus, electrolytes contain
ions that are free to move, ions that can carry charge. Molten ionic compounds and agueous ionic solutions are
conductors of electricity.

76 © Essentials Education



TOPIC 2

<« CI" ) Na* »

- ‘ -
d @7 Fo W Cl o
+ Na* » -
- Na* »
< CI <+ Cl: :
< o < F
ey o «(gl

Figure 2.33: Electrical conductivity in a molten ionic electrolyte

Within the electrolyte, the ion’s charge magnitude or the number of ions present will impact the magnitude of
current they can conduct.

-Example

Comparing conductivities

Magnesium sulfate and sodium chloride are both soluble ionic compounds. When placed in water, they dissolve
to release ions that can carry charge. An electrolyte solution of magnesium sulfate contains Mg** and SO, ions,
compared to a sodium chloride electrolyte solution which produces Na* and CI- ions. The Mg and SO,* ions are
doubly charged in comparison to Na+ and CI~ ions. Consequently, a magnesium sulfate electrolyte can carry two
times the amperes of current compared to a sodium chloride electrolyte.

Sodium sulfate, another soluble ionic compound, releases Na* and SO,* ions when dissolved in water in a 2:1
based on it's empirical formula, Na,SO,. The resulting electrolyte has greater conductivity in comparison to NaCl
at the same concentration for two reasons. Sodium sulfate has twice as many Na* ions to carry charge, and
secondly that SO,*ions have a greater charge magnitude compared to the CI~ ions present in sodium chloride.

-Questions

10. Potassium iodide blocks uptake by the thyroid gland of radioactive iodine that may be released during a
nuclear radiation disaster.

(@) Potassium iodide is a ionic solid. Describe how a solid results from the interaction of cations and anions.

.................... (8 marks) KA1
(b) Draw an electron transfer diagram to depict the formation of the ionic bond in potassium iodide.

(3 marks) KA4
(c) Write the formula of potassium iodide.

(1 mark) KA4
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(d) Explain the relatively high melting point (671°C) of potassium iodide.

(2 marks) KA1

(e) Potassium iodide is highly soluble. Predict the conductivity of this solution as compared to other ionic
compounds, justifying your response.

..................................................................................................................................................................... (2 marks) KA1
() Potassium iodide has low compressive strength. Explain what is meant by this statement.

11. Some reactive metals are extracted from their ores using electrolysis. A source of direct current is connected
to a pair of inert electrodes immersed in a molten ionic compound.

(@) Explain what happens to the ionic lattice when it becomes molten.

(2 marks) KA1

(b) Molten sodium chloride readily conducts electricity, allowing it to be used as an electrolyte. Compare and
explain the difference in conductivity of solid and molten sodium chloride.

Main-group elements usually adhere to the octet rule, exhibiting a preference to complete their valence shell with
eight electrons. This stable arrangement is either comprised from the atom’s own electrons or electrons that are
released or shared with another atom. It requires eight electrons to fill the s and p orbitals of the corresponding
energy level, to attain their noble gas configuration.

Unlike ionic bonding, covalent bonding does not involve the exchange of valence electrons to gain octet stability.
Covalent bonding occurs when valence electron pairs are shared by non-metallic atoms. Non-metallic elements
have a preference to share electrons due to their high electronegativities. In these instances strong electrostatic
attraction arises between the bonding pair of valence electrons and the positively charged nuclei of both
participating atoms. This attraction is termed a covalent bond.
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covalent bond

<
nucleus electrons nucleus

Figure 2.34: Covalent bond

Single covalent bonds

A single covalent bond involves two atoms sharing one pair of electrons to complete their octet.

Group VIl elements have incomplete valence shells with 7 electrons. By combining with an atom of another group
VIl element a bonding pair of electrons is formed and both atoms complete their valence shell and attain octet
stability. The bonding electrons are electrostatically attracted to the positive nuclei of both atoms, covalently
bonding the atoms together. Two chlorine atoms can complete their 3p orbitals by sharing a bonding pair of
electrons, forming a covalent bond. Each chlorine atom also has three non-bonding pairs of electrons.

S

LS

Cl Y Cl

Figure 2.35: a single covalent bond between two chlorine atoms

Double covalent bonds

Atoms can share more than one pair of electrons. A double covalent bond involves two atoms sharing two pairs
of electrons to complete their octet.

Group VI elements have incomplete valence shells with 6 electrons. By combining with an atom of another Group
VI element, two bonding pairs of electrons are formed, and both atoms complete their valence shell and 3p orbital
occupancy. Two atoms of oxygen can share four electrons (two from each atom), with the electrostatic attraction
between the two bonding electron pairs and positive nuclei of the atoms resulting in the formation of a double
bond. Both oxygen atoms possess two non-bonding pairs of electrons.

9 : @

v

Figure 2.36: a double covalent bond between two oxygen atoms

Triple covalent bonds

Group V elements have incomplete valence shells with 5 electrons. WWhen atoms of these elements combine, three
bonding pairs of electrons are shared, six electrons in total. Two nitrogen atoms can bond in this manner, resulting
in the following arrangement of electrons. Each nitrogen atom also has one non-bonding pair of electrons.

Ny 2 N

J

Figure 2.37: a triple covalent bond between two nitrogen atoms

© Essentials Education 79



STAGE 1 CHEMISTRY TOPIC 2: COMBINING ATOMS

Bond Strength

As the number of bonding pairs of electrons increases, the strength of the intramolecular attraction also increases. A
single covalent bond is the weakest as the interaction only involves two electrons. A double bond has intermediate
strength based on the electrostatic attraction between two bonding pairs of electrons. The triple covalent bond is
the strongest due to the interaction of three bonding pairs of energy. As the bond strength increases, the quantity
of energy required to break the bond also increases.

& Science as a human endeavour:

Haber Process

As a triple covalently bonded diatomic molecule, the intramolecular forces that hold nitrogen together are
incredibly strong. A significant amount of energy is required to overcome these bonds, in nature sufficient
energy is provided by lightening or volcanoes. An internal combustion engine can also break this bond,
allowing nitrogen to combine with oxygen in the formation of other nitrogen containing molecules.

Nitrogen is a crucial element required for protein synthesis, however plants cannot absorb it in its molecular
form. Conversion of nitrogen into useable forms, called ‘nitrogen fixation’, is therefore essential for plant
growth. Nitrogen based fertilisers to support plant growth often contain another nitrogen based molecule,
ammonia. Ammonia is commercially produced via the Haber Process. The Haber process involves the
use of high temperatures and pressure to convert its constituent elements, hydrogen and nitrogen into
ammonia.

N, + 3H, - 2NH,

Named after Fritz Haber, a gifted chemist of the early 20" century the Haber process supported the growing
need of nitrogenous fertiliser to assist with food production for rapid population growth experienced during
this time.

Covalent Compounds: Molecules

Covalent bonds are the intramolecular attractions that result in the formation of covalent compounds. Covalent
compounds are often described as molecules or molecular compounds. Molecules are discrete units that interact
with adjacent molecules via intermolecular attractive forces. They can be comprised of two or more atoms, of the
same or differing elements. Molecules comprised of the same element are homonuclear. Those comprised of
differing elements are termed heteronuclear molecules.

Chlorine, oxygen and nitrogen molecules are all examples of diatomic molecules. Diatomic molecules are
composed of only two atoms from the same or different elements. Seven elements exist as homonuclear diatomic
gaseous molecules at room temperature, H,, N,, O,, F,, Cl,, Br, and |,.

To represent the electrons that are involved in a molecules covalent bonding an electron dot diagram is drawn.
These diagrams are often referred to as Lewis dot diagrams, named after their creator Gilbert. N. Lewis. In 1916,
Lewis first proposed a chemical bond involving the sharing of electrons. He described the “cubical atom”, as a
cube has 8 corners each representing the valence electrons of an atom that can be used to form a bond. Today
we know that electron orbitals do not take a cubic shape, but Lewis electron dot diagrams remain a useful tool.

L g
PR 5 =« e SR

Figure 2.38: Lewis’s graphical representations of the role of electrons in atomic structures (Science History Institute)

Lewis introduced simple symbols to denote an atom’s valence electrons. These symbols are known as electron
dot diagrams and can be used as the basis of a Lewis structure.
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Electron dot diagrams

Electron dot diagrams are shorthand representations of the valence electrons of an atom with the number of dots
equalling the number of valence electrons. Atoms typically form a characteristic number of covalent bonds in
compounds, as summarised in Figure 2.39.

TOPIC 2
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Figure 2.39: Valence electrons and electron dot symbols

An element’s electron configuration is used to determine the number of valence electrons, from which a dot
diagram can then be drawn. Common examples of electron dot diagrams for monoatomic non-metallic elements
are shown below in Table 2.12. Note that electrons exist in pairs, but only as the 5"-8™ electrons are added.

Element Electron configuration Number of valence electrons | Electron Dot Diagram
Hydrogen 18 1 H .
-
Nitrogen 1522522p° 5 . N .
L]
L
Oxygen 1s22522p* 6 . o *
L
LN
Fluorine 18225%2p° 7 . F .
[ ]
L ]
Phosphorous 1522522p%3s23p° 5 . P -
[ ]
e
Sulfur 152252253523 6 . S .
LI
L ]
Chlorine 1522522p63523p° 7 :CI .

Table 2.12: Electron dot diagrams for common non-metallic elements
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Electron dot diagrams can also be used to show how atoms covalently bond by sharing electrons. Homonuclear
diatomic molecules can be represented in this way. A single, double or triple covalent bond between the atoms is
denoted by the number of bonding electron pairs.

Molecule Formula Unit Number of bonding electron pairs Electron Dot Diagram
Hydrogen H, 1 H : H
Nitrogen N, 3 *N:::N:

Oxygen 0O, 2 O . 0

.e 48
Fluorine F, 1 sFeib,

E ®@

[ ¥ - .
Chlorine cl, 1 6114 8 -

L N L B

LN ] L ]
Bromine Br, 1 -Br:Br.

LN LY

Table 2.13: Electron dot diagrams for common homonuclear molecules

Electronegativity

The central atom of a molecule is the atom with highest covalence and is usually the element of lowest
electronegativity. Covalence refers to the number of pairs of electrons that an atom can share with neighbouring
atoms. Hydrogen and group VII atoms are rarely the central atom due to this. Electronegativity is a chemical
property that describes the tendency of an atom to attract bonding electrons towards itself. Electronegativity is
a measure of the electrostatic attraction between the atom’s positive nucleus and a negative bonding electron.

& Science as a human endeavour:

Linus Pauling and Electronegativity

Electronegativity was first proposed by Linus Pauling in 1932 following the development of valence bond
theory. Pauling was an American theoretical physical chemist who used quantum mechanics to understand
and describe chemical bonding. Pauling remains the only individual to be awarded two unshared Nobel prizes.

Electronegativity cannot be directly measured and thus must be calculated as a scaled value from other
atomic properties. The most widely accepted calculation was also proposed by Pauling producing a
relative set of atomic values from 0.7 (Francium) to 4.0 (Fluorine). The greater the number, the greater the
element’s electronegativity.

The “Pauling scale” allows the trend of electronegativity to be explored quantitatively.

Figure 2.40: Pauling values (electronegativity) of the main group elements
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For heteronuclear molecules a sequential process is followed to draw an electron dot diagram. The steps for this
are outlined below.

1. Write the chemical symbol for the molecule.

2. Determine the number of valence electrons for each atom in the molecule.

3. Determine the number of electrons each atom needs to attain its octet configuration.
4

Determine the number of bonds needed in the molecules. Step 2 identifies the number of electrons needed,
and step 3 identifies the number of electrons required to complete the octet of each atom.

o

Identify the central atom, which is the atom that has the highest covalence.
Complete the octets around each of the outside atoms.

Place remaining electrons around the central atom. These are the non-bonding or lone electrons which
play an important role in the subsequent molecule shape. This is explained in Topic 3.

8. Check that the total number of electrons in the diagram matches the total number of valence electrons that
the constituent atoms started with.

.Example

Ammonia

1. Write the chemical symbol for the molecule. NH
2. Determine the number of valence electrons for each atom in the

ee
molecule. X H - N a
o

3. Determine the number of electrons each atom needs to attain its | Nitrogen requires 3 electrons to
octet configuration. complete it’s octet.

3

Three hydrogens are present, allowing
each to share one electron to form a
bonding pair.

4. Determine the number of bonds needed in the molecules. Step 2 | Three hydrogens are present, allowing
identifies the number of electrons needed, and step 3 identifies the | the formation of 3 bonds.
number of electrons required to complete the octet of each atom.

5. Identify the central atom. It is usually the atom that has the highest | Nitrogen is the central atom as it has

covalence. the highest covalence.
6. Complete the octets around each of the outside atoms. H:N:H
H
7. Place remaining electrons around the central atom. These are the e
non-bonding or lone electrons which play an important role in the H: N ‘H
subsequent molecule shape. This is explained in Topic 3. H
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Lewis structure diagrams

An electron dot diagram is used as the basis for a Lewis structure diagram which transforms the bonding electron
pair to be represented as one or more straight lines depicting the single, double or covalent bond. Lewis structure
diagram for common molecules are shown in Table 2. Importantly non-bonding electron pairs are still included.

Molecule Molecular formula Lewis Structure Diagram
H-N-H
Ammonia NH, [
H
’ﬂ
Methane CH, H (I.‘. H
H
Water H,O H-— U —H
Carbon Dioxide CO, 0=C=0
Oxygen 0, 0 = 0
Nitrogen N, :N=N:

Table 2.14: Lewis Structure diagrams for common non-metallic molecules

Electronegativity is demonstrative of periodicity. As a trend, electronegativity increases from left to right on the
periodic table, and from the bottom to the top of a group (excluding Group VIII elements). The element with the
greatest electronegativity is fluorine.

Group

"I'H He
21 Li |Be B/ C| N O  F | Ne
*INaMg Al[Si P | S | Cl Ar

K|Ca|Sc| Ti|V |Cr|Mn|Fe Co|Ni |Cu Zn Ga|Ge|As|Se Br|Kr
*IRb|Sr | Y | Zr Nb|Mo|Tc |Ru |Rh|Pd|/Ag|Cd| In |Sn|Sb|Te | |Xe
*Cs|Ba Hf | Ta| W |Re |Os| Ir | Pt |Au Hg| Tl |Pb| Bi |Po|At|Rn
"IFr | Ra Rf Db |Sg|Bh |Hs Mt Ds |Rg|Cn | Nh| Fl |Mc|Lv | Ts|Og

O eee——-

Figure 2.41: Periodicity of electronegativity

Period
I

The magnitude of an atom’s electronegativity correlates with a number of factors.

Variation along a period- lonisation energy increases across a period. The higher the ionisation energy of an
atom, the higher it's electronegativity (with the exception of the Group VIII elements) due to a high electron affinity.

Variation down a group - electronegativity decreases down a group due to the increase in atomic radius. The
greater the size of the atom, the lesser the tendency of its nucleus to attract bonding electrons due to the greater
distance between the opposing charges.
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Figure 2.42: Atomic radii — smaller atomic radius (left) and larger atomic radius (right)

Atomic number - electronegativity decreases with an increase to an atom’s atomic number. As the atomic
number increases, there is a greater number of positive protons present to attract bonding electrons. However, the
electrons close to the nucleus shield the nucleus from exhibiting this attraction. This is termed electron shielding
and decreases the electronegativity of an atom.

Figure 2.43: Electron shielding

-Questions

12. Oxygen is vital for the sustainment of life on Earth, and is the second most abundant atmospheric gas, with
air commonly containing approximately 21% oxygen.

(@) Draw a Lewis dot diagram for an atom of oxygen.

(2 marks) KA4
(b) Explain the formation of the covalent bond between two atoms of oxygen.

........................................................................................................................................ (2 marks) KA1
(c) Draw a Lewis dot diagram for a oxygen molecule showing all non-bonding electron pairs.

(2 marks) KA4
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(d) Oxygen reacts with nitrogen in the high temperatures provided by an internal combustion engine.
N, + O, - 2NO
Nitric oxide can react further in the lower atmosphere with oxygen to produce nitrogen dioxide.
NO + O, - NO,
() Balance the equation above.
(1 mark) KA4
(i) Nitrogen dioxide is an exception to the octet rule as the total number of valence electrons is an odd
number. Thus it’s valence structure is as below:
‘0—-N=0
Compare the two types of covalent bonds present in the nitrogen dioxide molecule.
............................................................................. (2 marks) KA1
(i Nitrogen is less electronegative than oxygen and therefore is the central atom. Explain what is meant
by the term electronegative.
(1 mark) KA1
(iv) Explain why nitrogen is less electronegative than oxygen.

(2 marks) KA1

86

Other gases exist in the atmosphere as covalent molecules. For each molecule complete its Lewis
structure diagram.

Name Chemical formula Lewis structure diagram
Carbon dioxide CO,
Methane CH,
Hydrogen H,
Oxygen 0,

(8 marks) KA4
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Science understanding

A non-metallic atom’s electronegativity will impact the way electrons are shared with another non-metallic atom
in the formation of a covalent bond. The distribution of electrons in the bond is dependant on the atoms that
are present. There may be partial transfer of electron density from one atom to another. This occurs when the
bonding atoms have differing electronegativities, the electrons are not shared equally, and partial charges arise.
This is termed bond polarity, thus allowing covalent bonds to be described as either non-polar or polar in nature.

Non-polar covalent bonds

Non-polar covalent bonds result from the combination of two non-metallic atoms of the same electronegativity
sharing electrons. The bonding electrons have equal attraction to both positive nuclei therefore are held an equal
distance apart. No partial charge or dipole is introduced as the charges are equally distributed.

Figure 2.44: Non-polar molecule with equally distributed electron density.

Most commonly this occurs when atoms of the same element combine. However, in some instances the difference
in two element’s electronegativity is negligible, which therefore still results in a functionally non-polar covalent bond.

-Example

Chlorine

In the formation of the homonuclear chlorine molecule (Cl,), the bonding electrons have equal attraction to both
positive nuclei therefore are held an equal distance apart. As no partial charge or dipole is introduced the chlorine
molecule is non-polar.

Carbon - Hydrogen bond

Carbon has a high capacity for covalent bonding due to its outer shell valence of four. Carbon commonly bonds
to hydrogen to give rise to hydrocarbon compounds, and many other organic compounds important for life on
Earth. Carbon has a Pauling value of 2.5, a slight increase compared to hydrogen’s value of 2.1. Due to the small
magnitude of difference in the atom’s electronegativity the C-H bond is deemed non-polar. This is important when
considering overall molecule polarity which will be explored in Topic 3.

Polar covalent bonds

Covalent bonds that arise from the sharing of bonding electrons between atoms of differing electronegativity are
termed polar covalent bonds. The difference in the atom’s tendency to attract bonding electrons results in an
unequal sharing of the electron pair. The result is a bond where the bonding electron pair is displaced towards the
more electronegative atom.

Increasing electron density

Figure 2.45: Induced dipole of a polar covalent bond
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The more electronegative atom then obtains a partial-negative charge while the less electronegative atom has
a partial-positive charge. The induced dipole moment is illustrated using negative and positive delta notation
respectively. Delta notation comes from the Greek alphabet and is given the symbol 6, which appears as a
superscript above the atomic symbol followed by a + or — dependant on the required charge. Delta notation is not
required for non-polar molecules, as they do not contain partial charges. The greater the degree of electronegativity
difference between the two bonding atoms, the greater the polarity of the bond, and the greater the partial charges
acquired by each atom in the bond.

Partial charges have no fixed value. The symbol “d6+” could represent a very small partial positive charge, or a
slightly larger one, but always less than a formal +1 charge.

-Example
Hydrochloric acid (HCI)

In the formation of hydrochloric acid (HCI), the combination of hydrogen and chlorine involves two atoms of
great electronegativity difference. Chlorine has a Pauling value of 3.0, significantly higher than hydrogen’s 2.1.
The bonding electron pair is displaced towards chlorine due to its greater tendency to attract the electron pair,
resulting in an induced dipole moment.

Figure 2.46: polarity of hydrogen chloride

The chlorine atom exhibits a partial negative charge as the bonding electron pair are closer to the chlorine atom.
The hydrogen atom has a partial positive charge due to the greater distance between it and the negatively charged
bonding electron pair.

5 &
H—CI

As chemical bonds increase in polarity, they transform from pure covalent to ionic. The greater the polarity of the
bond, the more ionic in character the bond is described. The atom of greater electronegativity attracts the bonding
electrons forming the covalent bond, ionising the adjacent atom.

Increasing Polarisation

Figure 2.47: Changes in polarisation of a chemical bond
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-Questions

13. Hydrogen sulfide (H,S) is found naturally in crude petroleum and natural gas. It is also produced through the
bacterial breakdown of organic matter.

(@) Draw a Lewis structure diagram for hydrogen sulfide.

(2 marks) KA4

(b) Indicate the polarity of the bonds in the molecule using delta notation (&%, &).
(1 mark) KA4
(c) Explain why the hydrogen-sulfur bond is polar.

(d) Methane (CH,) is another gas produced in the bacterial breakdown of matter.

() Draw a Lewis dot diagram for methane.

(2 marks) KA4
(i) State and explain the polarity of the bonds within the methane molecule.

(2 marks) KA1

(e) Hydrogen can be produced from methane via steam reforming. The process produces syngas (hydrogen
and carbon monoxide) by reacting methane with water.

() Draw a Lewis structure diagram for a hydrogen molecule.

(2 marks) KA4

(i) Explain why all homonuclear diatomic molecules contain non-polar covalent bonds.
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Science understanding

Covalent bonding is found in molecular and non-molecular (continuous) substances.
© Copyright SACE 2022

Covalent compounds: Molecules

As described earlier, covalent compounds are often described as molecules or molecular compounds. Molecules
are discrete units, comprised of a fixed number of atoms. They also interact with adjacent molecules via
intermolecular attractive forces.

-Example

Water

Water is a molecular compound comprised of two hydrogen atoms covalently bonded to a central oxygen atom.
The oxygen is the atom of greater electronegativity and higher valence allowing the hydrogen atoms to form a
bonding electron pair with two of oxygen’s valence electrons. The resulting bond is a polar covalent bond, due to
the difference in electronegativity of hydrogen and oxygen. Such polarity induces a dipole, with partial negative
charge on the oxygen atom, and partial positive charge on the hydrogen atoms.

The water molecules are discrete units, interacting with adjacent molecules to form intermolecular bonds. These
intermolecular bonds give the liquid known as water many of its properties.

The physical properties of covalent compounds are explained in Topic 3.

Figure 2.48: Water a molecular compound

Covalent compounds: continuous covalent networks

Covalent networks are large, rigid three-dimensional arrangements of atoms. The network lattice results from
each atom forming covalent bonds with the nearest neighbouring atom at each valence electron site. The network
of covalent bonds extends throughout the solid. Unlike molecules the number of atoms is not fixed and will
depend of the size of the structure. The smallest amount of a network solid that can be identified as such is called
a formula unit.

Carbon, silicon and boron all form covalent networks. Examples of covalent networks consisting of the same
element are diamond and graphite, both of which are made entirely from carbon atoms. Covalent networks
comprised of two elements include silica, boron carbide and silicon carbide.
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-Example

Carbon based covalent networks

Carbon is a non-metallic element with electron configuration 1s22s22p*, thus has a valence of four. This allows
it to be the central atom in many configurations, giving rise to a wide variation of possible combinations with
other atoms. In addition to combining covalently with other elements, carbon can also bond with itself, forming
allotropes. Allotropes are different forms of the same element in the same state. Two of the most commonly
known carbon allotropes are the covalent networks diamond and graphite.

Diamond

In diamond, each carbon shares electrons with four adjacent carbon atoms to form a covalent network. Covalent
networks are similar in structure to ionic compounds forming a repeating three-dimensional structure as shown in
the Figure 2.49 below.

®
«®
00‘00

. .tSSi 33

co® o
ew 9
@

Figure 2.49: Chemical structure of diamond
Graphite

Graphite is another carbon-cased covalent network. In graphite each carbon atom covalently bonds to three
adjacent carbon atoms; the fourth is delocalised, and can move freely between the graphite layers. This bonding
model forms layers with a hexagonal arrangement as shown in the Figure 2.50 below.

-:e"‘c‘ ¢

Figure 2.50: Chemical structure of graphite

- Example
Silica

Silicon dioxide or silica is the main compound found in sand and arises from the covalent bonding between silicon
and oxygen. Each silicon atom forms four covalent bonds with the adjacent oxygen atoms. There are two oxygen
atoms to every silicon atom. This results in silica’s formula unit of (SiO,) with n representing a large number of

silicon and carbon atoms. Its bonding arrangement results in a similar structure to diamond with no free electrons
and a repeating three-dimensional structure.

3) ); SI
Figure 2.51: Chemical structure of silica
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Science understanding

A molecule can be represented by a molecular formula.
A continuous covalent substance is represented by an empirical formula.

Molecules: Molecular formula

As molecules are discrete units comprised of a fixed number of atoms each molecular compound can be
represented by a molecular formula. A molecular formula consists of the atomic symbols of each of the
constituent elements, followed by numeric subscripts describing the number of atoms of each element present in
the molecule. The central atom is written first, followed by the bonded atoms.

Naming molecules

Molecules are named systematically:

1. The central atom (usually of lowest electronegativity and furthest to the left of the periodic table) is first
identified and named.

2. The bonded atom is then identified and named, ensuring the suffix is replaced with “ide”.
3. Prefixes derived from Greek stems (shown in Table 2.15) are used to specify the number of atoms in a molecule.

4. If mono- is the prefix on the central atom, it is assumed and not written.

Number of atoms present Prefix
1 mono-

di-

tri-
tetra-
penta-
hexa-
hepta-
octa-

OO (N[O|O|M~|W|IN

nona-
10 deca-

Table 2.15: Numerical prefixes for naming molecules

Examples of molecular formulae and their systematic names are shown below in Table 2.16

Molecular formula Systematic molecular name
CO carbon monoxide
HCI hydrogen chloride
NO nitrogen monoxide
CO, carbon dioxide
H,O* dihydrogen monoxide
KrF, krypton difluoride
SO, sulfur trioxide
CCl, carbon tetraoxide
N,O, dinitrogen pentaoxide
SF, sulfur hexafluoride

IF, lodine heptafluoride
As,O,, tetraarsenic decoxide

Table 2.16: Numerical prefixes for naming molecules

*except for water and acids, hydrogen is not listed first in a molecular formula.
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Certain molecules were discovered and named prior to the introduction of the systematic method for deducing
a molecules chemical name. Many of these molecules have maintained this name in preference to their chemical
name. Examples of these “common” names are shown below.

Molecular formula Systematic molecular name Common name
H,0O dihydrogen oxide water
NH, nitrogen trinydride ammonia
PH, phosphorous trinydride phosphine
NO nitrogen monoxide nitric oxide
N,O nitrogen dioxide nitrous oxide

Table 2.17: Examples of “common” molecule names

Covalent networks: Empirical formulae

Unlike molecules, the number of atoms in covalent networks are not fixed. The number of atoms present will
depend on the size of the structure. The smallest amount of a network solid that can be identified is called a formula
unit. A formula unit is an example of an empirical formula, denoting the simplest ratio of elements in the compound.
The empirical formula of a covalent network is often contained within brackets followed by a subscript n as a
placeholder for any number of repeating units. Common examples of covalent networks are shown in Table 2.18.

Covalent Network Empirical formula
diamond ),
graphite ),
graphene ),

silica (SIO,),
silica carbide (SiC),
boron carbide B,0),

Table 2.18: Empirical formulae of covalent networks

.Questions

14. Molecules are discrete units comprised of a fixed number of atoms. Write the molecular formula for the
following molecules using their systematic names.

Systematic molecular name Molecular formula

chlorine dioxide

oxygen difluoride

sulfur tetrachloride

diphosphorus pentoxide

sulfur dichloride

bromine pentafluoride

dinitrogen trioxide

xenon trioxide

sulfur hexafluoride

iodine dichloride

carbon monoxide

dinitrogen pentasulfide

(12 marks) KA4

© Essentials Education 93



STAGE 1 CHEMISTRY TOPIC 2: COMBINING ATOMS

15. Use the molecular formulae for the molecules listed in the table to write their systematic name.

Molecular formula Systematic molecular name

ClO

2

P.S

475

N,S

2

sCl
B,Si

(12 marks) KA4

The physical properties of continuous covalent substances can be explained using the model for covalent
bonding.
© Copyright SACE 2022

Hard solids

Covalent network solids are hard materials. Covalent bonds are extremely strong, therefore in this bonding
arrangement solids require an extremely high amount of energy to break. This allows covalent network solids to
withstand high degrees of mechanical stress. Diamond is the hardest known substance. A cutting instrument
comprised of diamond is required to cleave diamond and form it into desirable shapes.

A& Science as a human endeavour:

Carbide compounds

As covalent networks, silicon carbide and boron carbide are hard ceramic materials. They have numerous
societal applications. Silicon carbide can be used as an abrasive material in the manufacture of automotive
brake and clutch parts. It is also the main component of bullet proof vests and body armour. Boron
carbide’s hardness allows it to be used as armour plating in armoured vehicles and military aircraft.

Melting and boiling point

Due to the strong nature of the covalent bonding in covalent network solids, they are solids of extremely high
melting and boiling points. A significant quantity of thermal energy is required to disrupt the repeating interactions
within the covalent lattice to a great enough extent to break these bonds. Diamond has a melting point of almost
4000°C.

Electrical conductivity

Most network covalent solids are poor conductors of electricity as all valence electrons are involved in covalent
bonds. The material has no free electrons to carry charge to allow electrical conduction. Graphite is one of the few
exceptions, as only three of the four valence electrons in the carbon atoms are involved in covalent bonding; the
fourth valence electron is delocalised, and can thus move freely between the graphene layers, acting as a current
carrier. This gives graphite the ability to act as an excellent conductor of electricity.
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-Questions

16. Naturally occurring graphite can be processed into synthetic graphite, which is useful for high value applications
like lithium-ion batteries.

(@) State and explain the physical property of graphite that makes it an appropriate component of lithium-ion
batteries.

(3 marks) KA1

(b) Graphite and diamond are both allotropes of carbon, however graphite breaks and scratches easily,
whereas diamond is incredibly strong.

Explain this property with reference to the chemical structure of both graphite and diamond.

(c) Graphite and methane are examples of carbon-based compounds. Graphite is a solid with an extremely
high melting point, methane is a gas with an incredibly low melting point.

Explain this difference with reference to the differences in their bonding.

(4 marks) KA1

17. Silica Gel Packets provide an economic and effective way of protecting against moisture damage during
transit and storage. They work by absorbing moisture when there is too much and, if the air gets too dry,
releasing some of the water its already absorbed. The gel itself is a mix of water and silica (silicon dioxide).

(@ The silica contained within the gel packets has a melting point of 1,710°C.

Explain this property with reference to silica’s chemical structure.

(2 marks) KA1

(b) State and explain an additional physical property which makes silica an appropriate material to be used
in silica gel packets.
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2.3: Quantities of molecules and ions
Science understanding

The number of moles of particles (molecules, ions) in a sample can be determined from the mass of the sample
and the molar masses of the particles.

© Copyright SACE 2022

Determining of the number of molecules in a sample

Chemists use the term mole to represent a large number of atoms or molecules. Just as a dozen implies 12 items,
a mole (n) is the amount of a material containing 6.02 x 102 elementary particles. This value is referred to as
Avogadro’s number (N ). The number of molecules (N) in a sample can be calculated when the moles present in
the sample is known using the following mathematical relationship:

N=nxN,

The number of molecules present in a sample will be equal to the number of moles multiplied by Avogadro’s
number. This sequential relationship is depicted in Table 2.19 below.

n N, N
1 6.02 x 10% 6.02 x 10%°
2 6.02 x 10% 1.20 x 10
5 6.02 x 107 3.01 x 10*
0.5 6.02 x 10% 3.01 x 10

Table 2.19: Determining the number of particles in a compound
through the multiplication of moles and Avogadro’s number.

-Example

Determine the number of molecules present in 0.5 mol of water.
N=nxN,

N =0.5x6.02 x 10%

N = 3.01 x 10 molecules

Importantly, this value represents that there are 3.01 x 10%® molecules present in the sample of water. As each
water molecule contains three atoms (H,0), there are 3 x (3.01 x 10%) atoms or 9.03 x 10?°atoms present in the
sample.

The number of moles is not always known, requiring first the calculation of moles using the mass (m) of the
sample, and its molar mass (M).

1. Determine the molar mass (M) of the compound using the molar masses of the elements in the molecular or
empirical formula.

2. Calculate the number of moles present using the mass of the sample.

m
n=——

M
3. Use the calculated values to determine the number of molecules present in the sample.
N=nxN,
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-Example

Determine the number of molecules present in a 22.5g sample of water.

1. Determine the molar mass (M) of the compound using the molar masses of the elements in the molecular or
empirical formula.

M=(@2xM,)+M,
M = (2 x 1.008) + (16.00)
M = 18.016 g mol’
2. Calculate the number of moles present using the mass of the sample.

nzﬂ
M
225
©18.016
n=1.25mol

3. Use the calculated values to determine the number of molecules present in the sample.
N=nxN,
N =1.25x 6.02 x 10%

N = 7.52 x 10?2 molecules present in the sample

-Example
1.

Determine the number of molecules present in 1029 of calcium carbonate (CaCO,)

Determine the molar mass (M) of the compound using the molar masses of the elements in the molecular or
empirical formula.

M=M_, +M,+ @B xM,)
M =40.08 + 12.01 + (3 x 16.00)
M = 100.09 g mol!
2. Calculate the number of moles present using the mass of the sample.

nzﬂ
M
102
~100.09
n=1.02 mol

3. Use the calculated values to determine the number of molecules present in the sample.
N=nxN,
N =1.02 x 6.02 x 10%

N = 6.14 x 10%® molecules present in the sample
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.Questions

18. Our bodies synthesise protein using twenty amino acids. Determine the number of molecules in 2 g of each
of the following amino acids.

(@) Methionine — C.H, ,NO,S (b) Glutamic acid - C,H,NO,
M = 75.07 g mol™' M = 147.13 g mol™’

(c) Tryptophan — C,,H,,N,O, (d) Valine - C,H,,NO,

M =204.23 g mol™ M=117.15 g mol™

(e) Theanine — C_H, ,N,O, (f) Glycine = C,H,NO,

M =174.2 g mol™ M = 75.07 g mol™

(24 marks) KA4
19. Cooper is commonly used to fabricate electrical wire. A length of 50 cm of copper wire weighs 7.88 g.
(@) Determine the number of moles present in the length of wire.

(2 marks) KA4
(b) Determine the number of atoms in the wire length.
Avogadro’s number is 6.02 x 10%

(2 marks) KA4
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20. Tartaric acid or cream of tartare (C,H,O,) is a by-product of wine production left as a residue on the inside of

wine barrels. It is commonly used as a leavening agent in baking as when combined with baking soda, carbon
dioxide is produced which expands the dough. Tartaric acid is sold in 125g jars.

(@) Calculate the molar mass of cream of tartare in g mol-'.
Use the periodic table of elements to determine the molar masses of carbon, hydrogen and oxygen.

(1 mark) KA4

(o) Determine the number of moles of C,H,O, present in one jar of cream of tartare.

(2 marks) KA4
(c) Determine the number of C,H,O, molecules present in the jar of cream of tartare.

Avogadro’s number is 6.02 x 10%

(2 marks) KA4

Science understanding

The percentage composition of elements in compounds can be determined from the molar masses of the atoms.
© Copyright SACE 2022

Percentage Composition

The number of molecules present within a sample can be analysed further through consideration of the elements
which comprise it. The atomic makeup of a compound is defined by its molecular or molecular formula. The percent
composition is described as the percent by mass of each element present in the compound. This is a useful
measure to determine a substance’s purity or its effectiveness for an intended purpose.

To determine percentage composition using the above mathematical relationship, the following steps can be used:
1. ldentify the molecular formula of the compound in question.
2. Determine the molar mass of the compound.

3. Calculate the relative atomic mass that each atom contributes by multiplying the atom’s molar mass by the
number of atoms in the molecular formula. Divide this quantity by the molecules molar mass, and multiply the
resultant decimal by 100 to convert it to a percentage.

This process is summarised by the following mathematical relationship:

x N
element atoms of that element
x 100

percentage composition % =

compound
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-Example

Lactose (C,,H,,0,,) is the sugar component of milk produced by humans, cows, sheep, goats and other mammals.

Determine the percentage composition of each element contained within a sucrose molecule.
1. ldentify the molecular formula of the compound in question.

Lactose has the molecular formula C, ,H,,0,,.
2. Determine the molar mass of the compound.

M=(12xM)+ (22 xM)+(11xM)

M= (12 x 12.01) + (12 x 1.008) + (11 x 16.00)

M = 332.22 g mol’

3. Calculate the relative atomic mass that each atom contributes by multiplying the atom’s molar mass by the
number of atoms in the molecular formula. Divide this quantity by the molecules molar mass, and multiply the
resultant decimal by 100 to convert it to a percentage.

Carbon percent composition

x N
element atoms of that element
x 100

percentage composition % =

compound

12.01 x 12
% =—x 100
342.30

% =42.10%

Hydrogen percent composition

x N
element atoms of that element
x 100

percentage composition % =

compound

1.008 x 22
% = ———  x 100
342.30
% = 6.49%

Oxygen percent composition

x N
element atoms of that element
X 100

percentage composition % =

compound

16.00 x 11
% =— x 100
342.30

% =51.42%

-Questions

21. There are sixteen known iron oxides and oxyhydroxides, the best known of which is rust, a form of iron(lll)
oxide known as ferrous oxide.

(@) Iron(ll) oxide, FeO is commonly known as ferrous oxide. Determine the percentage composition of iron
in the compound FeO.

(3 marks) KA4
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(o) Determine the percentage composition of iron in the compound Fe,O,

(8 marks) KA4

(c) State which iron oxide provides the purest source of iron.

(1 mark) KA1

22. Aspirin is a compound with the molecular formula C,H,0,. Calculate the percent composition of each element
present.

(7 marks) KA4

Determination of empirical formulas

The above calculations help communicate that the molecular formula of a compound represent the relative
numbers, not masses of the atoms in the substance. Therefore, any experimentally derived data involving
percentage composition or mass can be used to determine the corresponding numbers of atoms in a compound
in their simplest ratio. When expressed in this manner it is described as a compound’s empirical formula.

Deriving empirical formulas - percent composition

For instances where the percent composition data is known, it can be used along with masses of elements
present in defined mass of compound to determine the empirical formula.

To determine a samples empirical formula, the following steps are used:

1. Use adefined mass (100 g) and percentage composition (represented as a decimal) for each element present
in the sample to calculate the relative moles.

Use the relative mass and molar mass of each element present in the sample to calculate the relative moles.
Represent a temporary formula with each species followed by its mole value in subscript.

Convert the formula to accepted convention to contain whole-number subscripts by dividing each mole value
by the smallest mole value.
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-Example

A gaseous compound produced from the cell metabolism contains 40.0% carbon, 6.71% hydrogen and 53.28%
oxygen.

1.

Use a defined mass (100 g) and percentage composition (represented as a decimal) for each element present
in the sample to calculate the relative masses.

m, = % composition x 100 m,, = % composition x 100 m, = % composition x 100
m, = 0.40 x 100 m,, = 0.0671 x 100 m, = 0.5328 x 100
m,=40.0g m,=6.71g m, = 53.289
2. Use the relative mass and molar mass of each element present in the sample to calculate the relative moles.
m m m
"M R "M
n, = 200 LA n, = 53:28
12.0 1.008 16.00
N = 3.33 mol n,= 6.66 mol Ny = 3.33 mol
3. Represent a temporary formula with each species followed by its mole value in subscript.
CB.SSHG.GGOSASS
4. Convert the formula to accepted convention to contain whole-number subscripts by dividing each mole value
by the smallest mole value.
3.33 H 6.66 o 3.33
3.33 3.33 3.33
Therefore, the empirical formula of the compound is CH,O.
-Questions

23. The bacterial fermentation of grain to produce ethanol forms a gas with a percent composition of 27.29%

carbon and 72.71% oxygen.

Determine the empirical formula for the gas.

Empirical formula: (8 marks) KA4
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24. Nicotine, an alkaloid in the nightshade family of plants that is mainly responsible for the addictive nature of
cigarettes, contains 74.02% carbon, 8.710% hydrogen, and 17.27% nitrogen.

Determine the empirical formula for the compound.

Empirical formula: (11 marks) KA4

Deriving empirical formulas — mass

When the mass of each constituent is known the following steps are used to determine a samples empirical
formula:

1. Use the mass and molar mass of each element present in the sample to calculate the relative moles.
2.  Represent a temporary formula with each species followed by its mole value in subscript.

3. Convert the formula to accepted convention by dividing each mole value by the smallest mole value and then
multiplying, if necessary, until the formula contains only whole-number subscripts.

-Example

Consider a sample determined to contain 3.42 g carbon and 0.574 g hydrogen. Determine the samples empirical
formula.

1. Use the mass and molar mass of each element present in the sample to calculate the relative moles.

n. = i n = ﬂ
° M M
N, = 3.42 0, = 0.574
12.01 1.008
N, = 0.285 mol n, = 0.569 mol
2. Represent a temporary formula with each species followed by its mole value in subscript.
00.285H0.569

3. Convert the formula to accepted convention to contain whole-number subscripts by dividing each mole value
by the smallest mole value.

0.285 H 0.569
0.285 0.285

Therefore, the empirical formula of the compound is CH,,.
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-Example

A gaseous compound is analysed and determined to contain 2.66 g chlorine and 4.20 g oxygen.

1.

-Questions

Use the mass and molar mass of each element present in the sample to calculate the relative moles.

m m
"M SRV
no— 2.66 _4.20
cl o~
35.45 16.00
Ng = 0.075 mol N, = 0.262 mol
Represent a temporary formula with each species followed by its mole value in subscript.
C|0.07500A262

Convert the formula to accepted convention to contain whole-number subscripts by dividing each mole value
by the smallest mole value.

0.075 o 0.262
0.075 0.075

Therefore, the empirical formula of the compound is CIO, .

Cl

In this example the empirical formula still contains a decimal. By multiplying each value by two the ratio is
maintained and the final empirical formula, Cl,O, is determined.

25. A sample of the black mineral hematite, an oxide of iron found in many iron ores, contains 69.94 g of iron and

30.06 g of oxygen.
Determine the empirical formula of hematite.

Empirical formula: (6 marks) KA4
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Summary Test 2: Combining Atoms

1. Aluminium is the most abundant metal in the Earth’s crust.

(@) Explain using the metallic bonding model how aluminium forms a solid.

The boiling points of three metals — lithium, potassium and aluminium — are given below.

Metal Boiling point (°C)

lithium 1330
potassium 759
aluminium 2470

(b) State the group, period and block these metals are found on the periodic table.

Metal Group Period Block

lithium

potassium

aluminium

(9 marks) KA2

(c) Write the electron configuration for each of the metals.

Metal Electron Configuration

lithium

potassium

aluminium

(6 marks) KA2
(d) Compare the valency of the three metals.

(e) Use the metallic bonding model to explain:

(i)  Lithium’s higher boiling point in comparison to potassium.

(2 marks) KA1
(i) Aluminium possesses a significantly higher boiling point compared to lithium and potassium.
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()  Aluminium is often used as a material in the production of cookware. Stainless steel is another example
of a material used in this industry.

() State three properties that make these materials suitable for use in cookware.

..................................................................................................................................................................... (2 marks) KA1

(i) Aluminium and stainless steel are both electrical conductors. Explain this property in reference to
the metallic bonding model.

..................................................................................................................................................................... (2 marks) KA1

2. Bath salts have long been used as an easy and inexpensive way to treat mental and physical health ailments.
The most popular bathing salts are Epsom salts (magnesium sulfate) and magnesium flakes (magnesium
chloride), both of which contain magnesium compounds in different forms.

(@ Magnesium chloride has the molecular formula, MgCl,.
(i) State the valency of the magnesium atom.

(1 mark) KA2

(i) Describe the formation of the Mg?* cation.

(i) Describe the change to magnesium’s atomic radius when it becomes an ion.

(b) Magnesium flakes are an example of an ionic solid. Describe how a solid results from the interactions of
cations and anions.
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(c) Epsom Salts can be sourced from naturally occurring springs. However these sources can be exposed
to man-made pollutants and heavy metals which can contaminate the resulting salts, thus are commonly
synthetically produced.

(i)  Write the empirical formula for magnesium sulfate.
(1 mark) KA2

(i) Using sulfate as an example, explain the term polyatomic ion.

(d) Bath salts are hard and brittle solids.

(i)  Use the ionic bonding model to explain this physical property.

(i)  Describe and contrast the magnitude of magnesium chloride’s melting point to that of magnesium
sulfate.

(i) Magnesium chloride has low compressive strength. Explain what is meant by this statement.

(1 mark) KA1

(e) As bath salts both Epsom salts and magnesium flakes are soluble. The resulting solution is termed an
electrolyte.

() Explain what is meant by the term electrolyte.

(2 marks) KA1

(i)  Describe and contrast the electrical conductivity of a solid ionic compound and electrolyte solution.
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3.

4.

Carbon tetrachloride was used extensively as refrigeration fluid and a propellant for aerosol cans. Gases such
carbon tetrachloride have proven to have negative impact on the ozone layer, thus the production of these
chemicals has been significantly phased out.

(@) Write the electron configuration for both elements in carbon tetrachloride.
(4 marks) KA2

(b) State carbon tetrachloride’s molecular formula.

(1 mark) KA2
(c) Draw the electron dot diagram for carbon tetrachloride.

(2 marks) KA2
(d) Carbon tetrachloride is a molecule comprised of polar covalent bonds.

(i) Carbon is less electronegative than chlorine and therefore is the central atom. Explain why carbon
is less electronegative.

(i) Explain the formation of the single covalent bonds that form between each chlorine atom and the
central carbon atom.

(2 marks) KA1

(iv) Draw a Lewis structure diagram to depict carbon tetrachloride’s polar bonds, including any partial
charges that are present.

(2 marks) KA2

Silicon carbide, also known as carborundum is the main component of bullet proof vests and body armour.
Its structure is very similar to diamond, with every second carbon replaced by silicon.

(@ Identify the class of solid that silicon carbide belongs to.
(1 mark) KA2

(b)  Write the formula unit of silicon carbide.
(1 mark) KA2
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(c) Silicon carbide is an incredibly hard material. Explain this property in relation to its bonding and structure.

................................................................................................. (2 marks) KA1

(d) State and explain another physical property of silicon carbide that makes it an appropriate component
of body armour.

................................................................................................. (2 marks) KA1

5. Vitamin C (C,H,O,) is an antioxidant and essential nutrient that has many functions including immune support,
collagen production and reduction of oxidative stress.

(@) Vitamin C tablets contain 500 mg of Vitamin C, with each bottle containing 100 tablets.
() Calculate the molar mass of vitamin C in g mol-'.

Use the periodic table of elements to determine the molar masses of carbon, hydrogen and oxygen.

(1 mark) KA4

(i)  Determine the number of moles of Vitamin C molecules present in one bottle of Vitamin C tablets.

(2 marks) KA4
(i) Determine the number of molecules of Vitamin C present in one bottle of Vitamin C tablets.

Avogadro’s number is 6.02 x 10%°

(2 marks) KA4

(b) Another compound involved in reducing oxidative stress in the body contains 40.0% carbon, 6.71%
hydrogen and 53.28% oxygen. Determine the samples empirical formula.

g g ol glot= TN (ol ' 0 U OO (6 marks) KA4
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Topic 3: Molecules
3.1: Molecule polarity

Shapes of molecules
Science understanding

The shapes of molecules can be explained and predicted using three-dimensional representations of electrons
as charge clouds, and using valence shell electron pair repulsion (VSEPR) theory.

© Copyright SACE 2022

The shape of a molecule is determined by the spatial arrangement of electron pairs surrounding a central atom.
The arrangement of electron pairs around an atom or molecule can be explained using Valence Shell Electron Pair
Repulsion (VSEPR) theory.

VSEPR theory describes that atoms within molecules are arranged into positions which minimise repulsion around
the central atom. Non-bonded electron pair to non-bonded electron pair exhibits the greatest repulsion, bonded
electron pair to bonded electron pair experiences the least repulsion. Electron pairs are arranged into a shape
which minimises repulsion around the central atom.

W
-
Figure 3.01: Tetrahedral molecular shape
When drawing molecules, their shape is determined by following the process described below:

1. Identify the central atom (atom with the highest covalence) and draw the corresponding Lewis dot structure
(discussed on page 68). Covalence is the maximum number of electron pairs that are shared by an atom.

2. Convert the electron pairs that are shared between atoms into bonds (a line) and draw any non-bonding
electrons (dots).

3. Draw the 3-dimensional structure of the molecule.

Consider a molecule with four electron regions. The electron regions will point towards the vertices of a
tetrahedron as seen in Figure 3.01.

- Examples

Water has two bonding electron pairs (between the O and H atoms) as well as two non-bonding pairs of electrons.

The four electron pairs are arranged into a shape which minimises repulsion around the central oxygen atom. The

resulting shape is termed a V-shaped molecule according to VSEPR theory.
-~ O\

H H

Ammonia has three bonding electron pairs (between the N and H atoms) as well as one non-bonding pair of

electrons). .o
H: N:H
H
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The four electron pairs are arranged into a shape which minimises repulsion around the central nitrogen atom and
the resulting structure is termed a trigonal pyramidal molecule.

N
H/ﬁ\H

Methane has four bonding electron pairs which are arranged into a tetrahedron to minimise repulsion around the
central carbon atom. The resulting structure is termed a tetrahedral molecule.

H H
H:é:H
H

There are four bonding electron pairs around the central carbon atom within a molecule of carbon dioxide. These
electron pairs are involved in two double covalent bonds between the carbon and oxygen atoms. To minimise
repulsion around the central carbon atom, the bonding electron pairs are positioned 180° apart. The resulting
structure is termed a linear molecule.

O G o:j :..C):CZO::

Expansion of the octet

The third electron shell of an atom has the ability to hold 18 electrons. The atoms of the chemical elements
in groups V-VII of period 3 i.e. phosphorus, sulfur and chloring, are able to expand their octet when forming
molecules. These elements have the ability to share all of their valence electrons and thus acquire more than eight
electrons in their valence shell.

H” T H
H

Atoms of sulfur have six valence electrons. An atom of sulfur can combine chemically with three atoms of oxygen
to form a sulfur trioxide molecule, SO,. The central sulfur atom shares all six of its valence electrons with the three
atoms of oxygen. This results in sulfur acquiring twelve electrons in the valence shell.

..C.)c 'Q'

There are six bonding electron pairs within a molecule of sulfur trioxide. These electron pairs are involved in three
double covalent bonds between the sulfur and oxygen atoms. To minimise repulsion around the central sulfur
atom the bonding electron pairs are arranged into a trigonal planar structure.
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Common molecular shapes are summarised in the following table.

Molecular shape Example
Linear CS,
V-shaped SO,

é
2
O O
Trigonal pyramidal NF,
N
0NN
F7IF
F
Tetrahedral CCl,

Trigonal planar CH,O

Table 3.01: Summary of molecular shapes

.Questions
1. Draw the dot structures for the following molecules.
(@) silane, SiH, (c) hydrogen sulfide, H,S
(b) fluorine, F, (d) phosphine, PH,
(4 marks) KA4
112
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2. Draw the structural formula for the following molecules and name their shapes.

(@) silane, SiH, (c) hydrogen sulfide, H,S

(b) fluorine, F, (d) phosphine, PH,

(8 marks) KA4
3. An atom of phosphorous is able to expand its octet.
(@) Explain what expansion of the octet means.

Molecule polarity
Science understanding

The polarity of a molecule results from the polar character of the bonds and their spatial arrangement.
© Copyright SACE 2022

A molecule is polar if there is an uneven distribution of electric charge around the molecule. The polarity of a
molecule is determined by:

1. ldentifying the shape of the molecule.
2. Determining the polarity of all the covalent bonds within the molecule.

One approach to determining the overall polarity of the molecule is to identify centres of positive and negative
electric charge within the molecule. If the centres of positive and negative charge are in the same location, the
electric charge distribution is even and the molecule has no electric dipole, it is then termed a non-polarised
molecule or a non-polar molecule.

Consider a molecule of carbon tetrachloride (CCl,). The molecule has a tetrahedral shape and the covalent bonds
between carbon and chlorine atoms are polar. The uneven distribution of electrons due to the electronegativity
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difference between carbon and chlorine atoms results in each chlorine atom acquiring a partial negative electric
charge (67) and the carbon atom acquires a partial positive electric charge (&*).

Cl
C

cr s >cl
Cl

The centre of negative charge on the carbon tetrachloride molecule is positioned at the centre of the four chlorine
atoms which is found on the carbon atom.

d

Cl

6+

8 & 5
CI” | ~Cl
Cl

The carbon atom is the only positive charge in the molecule and, hence, the centre of positive charge on the
carbon tetrachloride molecule is also positioned on the carbon atom.

d
Cl
& A

- @ S
ClI” | Cl
Cl

The centres of positive and negative charge are in the same location within the carbon tetrachloride molecule. This
means that electric charge is evenly distributed in a molecule of carbon tetrachloride which results in the molecule
having no electric dipole. A carbon tetrachloride molecule is therefore a non-polar molecule.

If the centres of positive and negative charge are in different locations, the molecule is termed a polarised
molecule or polar molecule.

Consider a molecule of water (H,0). The molecule has a V-shape and the covalent bonds between oxygen and
hydrogen atoms are polar. The uneven sharing of electrons due to the electronegativity difference between oxygen
and hydrogen atoms results in the oxygen atom acquiring a partial negative electric charge (67) and each hydrogen
atom acquires a partial positive electric charge (8*).

)

L L]
° O [ ]
+ / \ +
) H H )
The oxygen atom is the only negative charge in the molecule and, hence, the centre of negative charge on the
water molecule is positioned on the oxygen atom.

2
oH H 8"
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The centre of positive charge in the water molecule is positioned between the two hydrogen atoms.

)

..%..
6+H/@\H o

The centres of positive and negative charge are in different locations within the molecule of water. This means that
electric charge is unevenly distributed in a molecule of water which results in the molecule having distinct positive
and negative poles. A water molecule is an electric dipole and is therefore a polar molecule.

A molecule of ammonia contains three polar covalent bonds between nitrogen and hydrogen atoms. The central
nitrogen atom has a partial negative charge and each hydrogen atom has a partial positive charge. The centre of
negative charge is located on the central nitrogen atom, while the centre of positive charge is located at the centre
of the three hydrogen atoms.

o &

6+H/E\H6+ 6+H/§\H6+
st

As the centres of electric charge are in different locations within the molecule of ammonia, the electric charge is
unevenly distributed. This results in the molecule having distinct positive and negative poles; ammonia is a polar
molecule.

.Questions

4. Draw the structural formula for the following molecules and show the polarities of the bonds using the
appropriate conventions.

(@) chloromethane, CH.CI (c) carbon dioxide, CO,

(b) hydrogen sulfide, H,S (d) hydrogen cyanide, HCN

(8 marks) KA1
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5. State and explain the polarity of the above molecules, using appropriate diagrams..

(@ chloromethane, CH,CI

(d) hydrogen cyanide, HCN

(12 marks) KA4

6. The polarity of a molecule is not only dependent on the individual bonds, but also on the geometry of the
molecule. Explain using appropriate diagrams why the SO, molecule is polar while the CO, molecule is non-
polar.
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7. Consider the elements potassium and phosphorous.
(@) Write the formula for each chloride

potassium chloride:

...................................................................................................................................... (2 marks) KA4
(b) Contrast the primary bonding exhibited in the formation of these chlorides, relating your answer to:

phosphorous trichloride:

()  Their position on the Periodic Table

(i) The number of valence electrons

(c) Draw a diagram showing the structural formula for the phosphorous trichloride molecule.

(2 marks) KA4

(d) Explain why this molecule is polar.
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3.2: Interactions between molecules
Science understanding

The physical properties of molecular substances can be explained by considering the nature and strength of the
forces of attraction between the molecules.

Secondary interactions between molecules are much weaker than primary metallic, ionic, and covalent bonds.

The shape, polarity, and size of molecules can be used to explain and predict the nature and strength of secondary
interactions.

© Copyright SACE 2022

Physical properties (melting point/boiling point) of molecules are determined by a range of factors such as
molecular size and polarity.

Primary bonds are intramolecular forces and secondary interactions are intermolecular forces. Intermolecular
forces or secondary interactions are found between molecules or atoms and are significantly weaker than the
primary bonds found within molecules and compounds (metallic, ionic, covalent).

-Questions

8. State whether the type of forces exhibited between particles within the following compounds are intermolecular
or intramolecular forces.

(@) Copper metal, Cu

(b) Diamond, C

(4 marks) KA1

Dispersion forces
Science understanding

Dispersion forces exist between all molecules. Their strength depends on the size and shape of the molecules.
© Copyright SACE 2022

Dispersion forces are weak forces of attraction which exist between most atoms and molecules. Dispersion forces
come about as a result of temporary dipoles.

Electrons are in constant motion around the nuclei of atoms and molecules. There is a high probability of electrons
becoming unsymmetrically distributed around an atom or molecule. When this occurs, the atom or molecule
temporarily becomes an electric dipole. This can occur within multiple molecules at the same time, where multiple
molecules develop an electric dipole. During the short amount of time that two molecules have a temporary
negative charge on one end of the molecule and a temporary positive charge on the other end, they are able
to attract each other. The forces of attraction that exist between these molecules as a result of the temporary
dipoles are called dispersion forces. This force of attraction is the weakest form of attraction between molecules
and thus only a small amount of thermal energy is required to overcome the secondary interactions between the
molecules.

Referring to group VI elements, halogens, as the period number increases, the molecules get larger as a result
of more subatomic particles, more electron shells and therefore more electrons. Using the specific comparison
of fluorine (F,) to bromine (Br,) we notice that at room temperature fluorine is a gas while bromine is a liquid. The
diatomic halogen molecules are all non-polar given that the bonding atoms have the same electronegativity and
share electrons evenly. Therefore, both diatomic molecules exhibit dispersion forces as the secondary force of
attraction acting between molecules. Molecules of bromine have 70 electrons orbiting their nuclei compared with
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molecules of fluorine which have 18 electrons orbiting their nuclei. Polarisation of electrons is greater in a molecule
of bromine, which results in a stronger electric dipole. The electric force (dispersion force) is proportional in
magnitude to the charge on the molecule. As molecules of bromine form stronger dispersion forces, the molecules
are drawn closer together, forming a liquid. More thermal energy is required to overcome the stronger secondary
forces of attraction between bromine molecules and, hence, the boiling point of bromine is higher than that of
fluorine.

Halogen Melting point (°C) Boiling point (°C)
Fluorine, F, -220 -188
Chlorine, Cl, -101 -35
Bromine, Br, -7 59

lodine, 1, 114 184
Astatine, At, 302 337

Table 3.02: Melting and boiling points of the halogens

Non-polar molecules can also experience temporary induced dipoles. This occurs as a result of atoms or molecules
entering closer proximity to one another and the rep